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PREFACE 


THE THEORY of algebraic functions has been developed by three dif- 
ferent methods which have been designated as transcendental, alge- 
braic-geometric, and arithmetic. Two very illuminating comparisons of 
these theories have been made by Hensel and Landsberg [28, pages 
694-702 |* and Emmy Noether [37]. The transcendental method had 
its origin in a paper by Abel [1] in 1826, in which he announced the 
remarkable generalization of the addition formulas for elliptic integrals 
which is now called Abel’s theorem. The theory has been greatly en- 
riched by many writers, but especially by Riemann [11]. It is called 
transcendental because in it Abelian integrals play the fundamental 
role. The algebraic-geometric theory is a theory of algebraic plane 
curves. Early expositions were given by Clebsch and Gordan [3] in 
1863-66, and by Brill and Noether [17] in 1871. A more recent account 
is that of Severi [39, 45] in 1921 and 1926, in which much emphasis is 
placed upon the properties of linear families of curves and their inter- 
sections. The title “arithmetic” is applied to a group of theories which 
differ greatly in detail but which have in common as central features the 
construction and analysis of the rational functions which are the inte- 
grands of Abelian integrals. One of the earliest suggestions of such a 
theory is found in a paper [{7| which Kronecker presented to the Berlin 
Academy in 1862 but published first in 1881. More elaborate theories 
in the arithmetic group are those of Weierstrass [27] in his lectures of 
1875-6, of Dedekind and Weber [9] in 1882, and of Fields [30] in 1906. 
The method of Weierstrass is an application to algebraic functions of 
his theory of analytic functions, and somewhat the same remark would 
apply to the method of Fields. Dedekind and Weber, however, empha- 
sized the analogies between the theories of algebraic functions and alge- 
braic numbers. Their methods have been elaborated and improved by 
Hensel and Landsberg in their book on algebraic functions [28] pub- 
lished in 1902, and in later memoirs. 

In the following pages, after an introductory Chapter I, I have en- 
deavored to give in Chapters II and III a concise but readable intro- 
duction to the arithmetic theory of algebraic functions. My purpose was 

* The numbers in square brackets here and elsewhere in the text refer to the list of refer- 
ences at the end of this book. 
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to attain as directly as possible the proofs of the existence, and the 
methods of construction, of the integrands of the three kinds of ele- 
mentary integrals, and the theorem of Riemann-Roch. These are funda- 
mental results which it has always seemed to me desirable to have avail- 
able early, rather than buried deeply, in the text of the theory. The 
methods used are those of Hensel and Landsberg with many variations. 
I have, for example, discarded almost entirely the nomenclature and 
use of the ideals of Dedekind and Weber, which are of great interest, 
but which are auxiliary rather than essential in the development of the 
theory. 

An introduction to the methods of the transcendental theory is 
given in Chapters IV, V, and VI, the first of which is devoted to Rie- 
mann surfaces and Cauchy’s theorem, the second to the definition and 
properties of Abelian integrals, and the third to the famous theorem of 
Abel which inaugurated the transcendental theory. An advantage of 
this order of presentation of the arithmetic and transcendental theories 
is that no preliminary transformation simplifying the singularities of 
the fundamental algebraic curve is required. 

Chapters VII and VIII are devoted to birational transformations. 
In the former, fundamental properties and some simple applications 
of such transformations to the reduction of special algebraic curves to 
normal forms are explained. Chapter VIII is devoted to two famous 
transformation theorems. The first of these states that every algebraic 
curve can be reduced by a Cremona transformation to one having no 
singular points other than multiple points with distinct tangents, and 
the second asserts that by a less special birational transformation every 
such curve can be transformed into another having only double points 
with distinct tangents. These theorems have been important for the 
transcendental and algebraic-geometric methods, because these meth- 
ods have a much simpler aspect when the only singularities of the alge- 
braic curve under consideration are multiple points with distinct tan- 
gents. 

The literature of the second of the transformation theorems men- 
tioned above is very large. Many of the proofs of the theorem are in- 
complete, and very few of them have escaped amplification or criticism. 
It has not been generally recognized in the literature that there are 
really two theorems involved, one for the function-theoretic and one 
for the projective plane. In a paper [43] published in 1923 I have given 
a history of the theorem and have emphasized these remarks. In 
Chapter VIII below a proof of the theorem for the function-theoretic 
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plane is given which was suggested in the paper of 1881 by Kronecker, 
and completed in 1902 by Hensel and Landsberg in their book on alge- 
braic functions mentioned above [pages 402-9]. The theorem seems to 
me distinctly more difficult to prove for the projective plane. In a paper 
[41] published in 1922 I showed how the reasoning of Kronecker, and 
Hensel and Landsberg, can be extended to apply to the projective case 
also. The proof is reproduced in improved form in Chapter VIII. I find 
great differences of opinion among mathematicians concerning the 
validity and the advantages of the many different methods of proving 
these transformation theorems. The method given here has at any rate 
an especial interest from the standpoint of the arithmetic theories of 
algebraic functions. ; 

Chapter LX below is devoted to the inversion problem for algebraic 
curves of genus zero or unity, and to the relations between the theories 
of elliptic functions and the rational functions associated with an alge- 
braic curve of genus one. I have regretted the necessity of omitting the 
theory of the inversion problem for greater values of the genus. The 
presentation of it in a satisfactory manner would require a much larger 
book than this. 

Illustrative examples have great value for a reader who is orienting 
himself in a mathematical theory for the first time. Chapter X is 
devoted to such examples, which may be studied in connection with 
the text from Chapter II on. Not all of these examples are merely 
exercises. The elliptic and hyperelliptic cases described in Section 70 
have of course great importance and many applications. In the final 
sections of the chapter the methods of Baur [14, 19] for algebraic equa- 
tions f(x, y) =O of the third degree in y are explained in detail. These 
have the advantage of requiring for their applications no more complex 
algebraic mechanisms than the highest common divisor process. Their 
generality is illustrated by the fact that they are applicable also to 
equations of the fourth degree in x and y after a suitable transformation. 

Following Chapter X is a list of books and memoirs to which refer- 
ences are made above and elsewhere by numbers in square brackets. At 
the end of each chapter a brief note indicates reading which may be 
helpful in connection with the material presented in that particular 
chapter. 

The book as a whole is introductory in character and not a compre- 
hensive treatise. It is an account of lectures on algebraic functions 
which I have given at the University of Chicago a number of times, the 
most recent one being the Summer Quarter of 1931. In that year I 


vi PREFACE 


prepared for students a mimeographed set of notes from which the 
following pages have been developed. In their preparation I have been 
ably assisted by Dr. M. R. Hestenes. He has read the manuscript with 
care and has made many valuable suggestions. I record here my ap- 
preciation of his helpful interest. 

In conclusion I wish to acknowledge with gratitude the interest of 
the Editors of the Colloquium Publications of the American Mathe- 
matical Society, and the assistance of the National Research Council, 
which have made possible the publication of this book. 

G. A. BLIss 


The University oF Cuicaco, 1932 
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CHAPTER I 
SINGLE-VALUED ANALYTIC FUNCTIONS 


1. Introduction. Many of the properties of single-valued functions 
on the Riemann surface of an algebraic function, described in later chap- 
ters, are generalizations of well-known properties of functions which are 
single-valued on the plane of the complex variable z=x+7y. In this 
first chapter it is proposed therefore to give a summary of theorems 
concerning such functions f(z), with proofs of the more important ones. 
This will be helpful in pursuing later the theory of algebraic functions, 
not only because it will give an idea of some of the results to be gen- 
eralized, but also because the theorems themselves are used in the 
proofs of the generalizations and their affiliated theorems. 

Every function f(z) to be considered is supposed to have a range Z 
of points of the z-plane at each of which it has a single value in the do- 
main of complex numbers. Such a function is said to be analytic at a 
point z=a if there is a neighborhood N of z=a entirely in Z, and such 
that at each point of V the function f(z) has a unique derivative 


f(z + Az) — f(z) 
m . 
=o Az 


@ = ii 


Furthermore f(z) is holomorphic in a region R of the z-plane if it is single- 
valued and analytic at each point of R. If a function f(z) is represented 
in the form 


f(2) = u(x, y) + 7 0(x, y) 
then at each point where it is analytic the functions u(x, y), v(a, y) have 
first partial derivatives and satisfy the well-known equations 
du/dx = dv/dy, du/dy = — dv/dx, 
as one verifies readily from the relation 
Af(z)/dx = df(z)/tdy 

expressing the equality of the derivatives in the directions of the «- and 
y-axes. 

2. Integrals of functions f(z). The theory of integration plays an im- 
portant role in the theory of algebraic functions as well as for single- 
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valued analytic functions. It will be presented in this section in its 
simplest aspects for single-valued functions. 

The arcs along which the integrals are taken will all be so-called 
regular arcs, that is, arcs with equations of the form 


z= 2(t) = x(t) + (4 Sth), 
continuous and consisting of a finite number of sub-arcs on each of 
which the functions x(t), y(t) have continuous derivatives such that 


x’?+-y'? 40. The definite integral of f(z) taken along a regular arc C has 
by definition the value 


i feds 


f (u + iv) (dx + idy) 
c 


I 


f(uas —vdy)+ if (vdx + udy), 
C c 


where the line integrals are to be evaluated by substituting for «, y, dx, 
dy their values as functions of ¢ and dt from the equation of the curve 
and integrating from #4, to &. The integral will surely exist when f(z) is 
continuous at each point of C, since then the functions u, v are continu- 
ous functions of ¢ on the interval ff. Unless otherwise expressly stated 
we shall understand that our functions f(z) are not only continuous but 
analytic at each point of the arcs C along which integrals are taken. 
An important property of such an integral is that 


| | sou 


where M is the maximum of |f(z) | = [w?+v?|!/? on C and /is the length 
of C. This is easy to justify since from the definition given above the 
integral is the limit of a sum of terms of the form 


< Ml, 


{(« cost — v sin tr) + i(w sin r + 0 cos 7) ‘As, 
where s is the length of arc measured along C and 
cos tT = 4! /(e!? + 2) U2, sin r = *y'/(a!? + y"2) M2 
and since each of these terms has an absolute value < MAs. 


3. Cauchy’s theorem. An arc C is simply closed if its end-values 
a(t), 2(t2) are identical while s(t’) s(t’) for every other pair of distinct 
values #’, ¢’’ on the interval ff. The theorem to be proved is then as 
follows: 
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THEOREM 3-1, CAucHy’s THEOREM. [f a function f(z) ts holomorphic 
on a simply closed regular arc C and its interior then 


ges oi 


It is convenient to prove the theorem first for a rectangle R such as 
is shown in Figure 3-1. Let R have perimeter /, and let 7 be the value 


J fae 


On at least one, say Ri, of the four quarter-rectangles of R we must have 


i 


| Fiaiie (ail 


Continuing this process of subdivision we obtain a sequence of rec- 
tangles R,(m=1, 2, - - -), each in the preceding, and with the properties 


| [fox 


Perimeter of R, = 1/2", 
Diagonal of R, < 1/2"*1, 


= 0/4", 


The rectangles condense upon a point ¢ at which the function f(z) has 
by hypothesis a derivative f’(¢). If 7 were greater than zero there would 
therefore be a neighborhood WN of ¢ so small that in it the continuous 
function D(z) defined by the equations 

(2) — f) 


g— 


Di =2, Diz) = =f (jetore r= f, 


would satisfy the inequality |D(z) | <n//’. For a rectangle R, in NV we 
should have, with the help of preceding results, 
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= | i (f0) + @- OF + &- ODO fa 


ss /f (z — ¢)D(z)dz Mende 


iP 


Za=% +21Yo 
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But this would imply that 77/2, which is impossible, and we see that 
the absolute value 7 of the integral around the rectangle R is zero. 

Having proved the theorem for a rectangle we may further infer 
easily that our integral vanishes on every closed regular curve C in a 
rectangle R on which f(z) is holomorphic. For we may define a function 
F(z) single-valued at every point z of R by the equations 


F(z) f fle + tyo)dx + of f(x + ty)dy 


i f fleo + ty)dy + { f(x + ty)dx. 
vo ~0 


We have then a function F(z) =U+iV which is continuous and such 
that 
OF /dx = f(x + iy) =u + iv = OF /idy. 


Hence U and V are continuous and 
0U/dx = u = dV/dy, 0V/dx =v = — OU/dy. 


From this result and the definition of the integral in Section 2 above it 


follows that 
{ fa = [av zo if av = {y. 
Cc C C 


The argument of this paragraph shows that the integral vanishes on 
closed regular curves in R which intersect themselves, as well as on those 
which are simply closed. 
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To prove Theorem 3-1 for an arbitrary simply closed regular arc C, 
as originally stated, we should first note that there is a constant e>0 
such that for every point ¢ of C or its interior the function f(z) is holo- 
morphic on a square of side 2€ and center at ¢, on account of the hy- 
pothesis that f(z) is holomorphic on Cand its interior. Suppose then that 
the theorem were not true on C. If the interior of C is subdivided by a 
straight line segment, as shown in Figure 3-3, the conclusion of the 
theorem would fail to be true on one at least, say Ci, of the simply closed 


Pigs 3-35 


curves formed by the line segment and C. By successive subdivisions 
of this sort a sequence of simply closed curves C, could be constructed 
with maximum diameters approaching zero,* on each of which the 
theorem would fail. These curves would condense on a point ¢ on C or 
its interior, and this would lead to a contradiction since from the pre- 
ceding paragraph the theorem must be true for every closed regular arc 
in the square of side 2 and center at ¢ described above, and some of 
the curves C,, are certainly in this square. 

A connected region is one such that every pair of its points can be 
joined by a continuous arc lying entirely in it; and a simply connected 
region R is a connected region which has the further property that the 
interior of every simply closed continuous curve in K is also in R. With 
these agreements we can prove the following modification of Cauchy’s 
theorem for curves C which are closed but not necessarily simply closed: 

THEOREM 3:2. If a function f(z) is holomorphic in a simply connected 
region R then 


* See, for example, Bliss, Princeton Colloquum Lectures, p. 29. 
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J soa 2h 


on every closed regular arc C interior to R. 

The conclusion of the theorem is true for every simply closed poly- 
gon interior to R, by Theorem 3-1. It is also true for every closed 
polygon P whatsoever interior to R. For let the corners of P be desig- 
nated by 2021 - - - ZnZ0. Without loss of generality we may suppose that 
no two adjacent sides of the polygon have more than an end-point in 
common, since the sum of the values of the integral on a segment com- 
mon to two adjacent sides is zero and the segment can be deleted. Fur- 
thermore we can if necessary move slightly the corners 2;(k=2,3,---, 
n) successively without changing the value of the integral, as shown in 
Figure 3-4, so that no two sides of the resulting polygon are parallel. 
The result of this alteration is that two sides, if they intersect, do so at 


Sk+1 


Fic. 3-4 


a single point. Suppose now that 2)-12, is the first side which meets a 
preceding one, say 2,12, and let ¢ be the intersection point. The poly-: 
gon (2, - - “2: 1¢ is simply closed and can be deleted without changing 
the value of the integral, by Theorem 3-1 Only a finite number of such 
deletions is possible since the number of sides of the polygon remaining 
after the deletion is at least one less than before. The final result is 
therefore a remaining simply closed polygon, and on such a polygon the 
integral is zero by Theorem 3-1. 

A single-valued function F(z)=U-+iV can now be defined on the 
interior of the region R of Theorem 3:2 by the formula 


F(z) = { fla)dz 
P 
where P is a polygon interior to K joining a fixed point zo to an arbitrary 


point z. By an argument similar to that used in proving Theorem 3-1, 
applied to the function F(z) defined by the formulas 
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x y 
Fa) = FO + f fet mav tif fet inay 
g ” 


mee) if FE + ty)dy + [1 + iy)dx, 
0 £ 


2 


Fie. 3-5 


interpreted with the help of Figure 3-5, it can readily be proved that 


if f(2)dz = J dU + if dV =0 


for every closed regular arc C interior to R. . 


4. Consequences of Cauchy’s theorem. If a function f(z) is holo- 
morphic in a neighborhood N of a point z=a, except possibly at z=a 
itself, then the residue of f(z) at z=a is defined to be the number 


Qridea 
where C is a simply closed regular arc lying interior to the neighborhood 
N and having z =< in its interior. Unless otherwise expressly stated it is 
understood in the following pages that integrals around simply closed 


curves are always taken in counter-clockwise direction. If I is a circle 
with center at z=a and lying entirely interior to C, then by joining C to 


Q 


Fic. 4°1 
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I’, as shown in Figure 4-1, and integrating around the boundary of the 
resulting region, Cauchy’s theorem tells us that the value of the residue 
is the same if we replace C by I in the definition of R.,. It is then clear 
further that R, is the same for all arcs C with the properties described 
in the definition of a residue. 

THEOREM 4-1. Jf a function f(z) is holomorphic on a simply closed 
regular arc C and its interior, except possibly at a finite number of points 
a, (k=1,---, ”) interior to C, then 


( f(z)dz = 2ni(R1 + --- + Rn) 
i 


where R;, is the residue of f(z) atz=a, (k=1,---, 7). 

The proof of this theorem is readily made by drawing for each a, 
a circle I’, interior to C with center at a; and containing no other singu- 
lar point of f(z). When the circles I, are joined to C by cuts, as shown 
in Figure 4-2, Cauchy’s theorem tells us that 


Fic. 4:2 


il f(z)dz = if f(s)dz +--+ + { f(z)dz, 
Cc r, 1 


and this is equivalent to the equation of the theorem. 

THEOREM 4-2. CaucHy’s INTEGRAL Formuta. [f f(z) is holomor phic 
on a simply closed regular curve C and its interior then for every point z 
interior to C 
1 f(w)dw 


ZridJgo w—ZB 


where wis now a complex variable ranging on C. 
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The value of the integral in the theorem is unchanged if we replace 
C by a circle [ with center at z and entirely interior to C, since the inte- 
grand f(w)/(w—z) is holomorphic between C and IT and on these two 
curves. Furthermore 


f(w)dw 7 S(g)dw jo th 
if mae S rw—g |e w—s 


The value of the first integral on the right is 277 f(z), and for the second 
we have 


—2rr 
r 


fw) = $) | ee 


RSE wiz 


provided that IT is taken with radius 7 so small that for every w on it 
| f(w) —f(z) | <e. Since ¢ is arbitrary the theorem follows. 


5. Ordinary and singular points. An ordinary point of a single- 
valued function f(z) is one at which f(z) is analytic. All other points are 
singular points. An isolated singular point z=a is one for which there is 
a neighborhood in which f(z) is holomorphic except at z=<a. 

THEOREM 5-1. THE LAURENT EXPANSION. If z=a is an ordinary 
or isolated singular point of f(z), and if C is a circle with center at z=a in 
and on which f(z) 1s holomorphic except possibly at 2=a, then the values of 
f(z) are given at all points za interior to C by a series of the form 


fiz) = Agt Arla — a) Axle — 2)? ++ - 


ia) + A_s(z — a)“!+ A_»(z — a)? +--- 


which converges at every point interior to C except possibly at =a. 

To prove this we may draw a second circle C’ with center at z= 
interior to C and denote the radii of C and C’ by R and R’. If C and C’ 
are joined by a cut, as shown in Figure 5-1, then Cauchy’s integral for- 
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mula gives the expression 


Wore: 1 | f(w)dw _ 1 f(w)dw 


Qridco w-—Z Qridcr W— 2B 


for the value of f(z) at an interior point z of the ring-shaped region 
between C’ and C. For the first integral we find the formulas 


1 1 1 


w—Z w—a 1—(z—a)/(w—a) 
1 Z—a (g — a)™1 1 2—a\" 
= + apis tof + ( \ 
W—-a (w— a)? (w— a)” w—z\ye a4 
1 f(w) 


dw = Ay + As(z — a) + --- + Anulz— a)" + R,, 


2rt oh Ee 8 


1 \dw 
A, = { oe (R= 0, 1 2] 


2rid co (w— a)** 


1 fe) f2—2\* Mf/r\" 
—{ i) te eee =) 2rR. 
2ridc W—2z\w-—a 27 \R 


The constant M is the maximum of | f(w) /(w—z) | for values of w on 
the circle C, and r= |z—a|. Since (r/R) <1 it follows that R,, approaches 
zero as approaches infinity. Similarly, for the second integral, 


=) = 1 


| Rn 


w—-z 2—a1—(w-—a)/(z— a) 


1 w—a (w — a)"} 1 w— a\” 
= | 3. = a aD ee 4. + ( ) ’ 
Ww 


g—@ (¢— a) (2 =.@)" = eet 
-1¢ sw) | 
jl dw = A_\(z — a)"!+---+4_,(2 — a)-"+ R_,, 
Dh OY gt b= 
where 
1 
A_, = —|{ fGe)(w— a) “dw (k= 1,2)-24); 
2m1 Cc? 
1 f(w) fw — a" MT R'\* 
| R_,|= ; CO ea ee a. 
2rmivqcrz—wts—a LENT 


The constant M’ is the maximum of | f(w)/(z—w) | for values of w on 
the circle C’. Since (R’/r) <1 we see that R_, also approaches zero as 
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approaches infinity. Thus for every point z in the interior of the ring 
between C’ and C the series (5-1) of Theorem 5-1 defined in this way 
converges and represents f(z). With the help of Cauchy’s theorem the 
values of the constants A;,, A_; are seen to be independent of the radius 
of C’, and for an arbitrary point sa interior to C the series of the 
theorem therefore converges to f(z). 

Let =a be a point having a neighborhood in which f(z) is holomor- 
phic except possibly at z=a. If the Laurent expansion for f(z) at s=a 
has no terms with negative exponents then z=a is an ordinary point 
if f(a) = Ao. The point z=a is called a removable singularity, when there 
are no terms with negative exponents, if f(z) is not defined at z=a or if 
f(a) Ao, since in this case =a will become an ordinary point if the 
value A, is assigned to f(z) at z=a. An isolated singular point at which 
the Laurent expansion has a term with negative exponent —z, but none 
with a larger negative exponent, is called a pole of order —n. If the series 
has an infinity of terms with negative exponents then z=a is an es- 
sential singularity of f(z). All singularities of f(z) which are not poles are 
called essential singularities, but only those which are isolated from 
other singularities have Laurent expansions associated with them. 

THEOREM 5:2. Let f(z) be a function which is holomorphic in a neigh- 
borhood N of z=a except possibly at z=a itself. If | f(z)| is bounded in N 
then z=a is an ordinary point or removable singularity of f(z). If | f(2) | 
is not bounded in N but | (z—a)"f(z) | is bounded for some positive integer 
n, then z=a is a pole of f(z) of order not less than —n. Similar statements 
hold for z= ~ when z—a is replaced by 1/2. 

If | f(z) | is bounded in N then it is easy to see that the product 
g(z) =(z—a)*f(z) is holomorphic in the whole of N including z=a and 
vanishes with its derivative at z=a. Hence for the Laurent expansion 
of g(z) the integrals in the expressions for the coefficients A_; are by 
Cauchy’s theorem all zero, and the values of Ao and A, are also zero 
since g(a) =g’(a) =0. The Laurent expansion for f(z) itself has therefore 
no terms with negative exponents. 

If | (g—a)"f(z) | is bounded the Laurent expansion for (z—a)"f(z) can 
have no terms with negative exponents, according to the first part of 
the theorem. Consequently the Laurent expansion of f(z) can have no 
terms with negative exponents less than —n. It must have some terms 
with negative exponents, however, if | f(z) | is not bounded in N. 

THEOREM 5-3. Near every point z=a at which the residue Rq is defined 
the function f(z) is represented by a Laurent expansion and Ry=A.. 

This is readily proved by integrating 1/277 times the series (5-1) 
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term by term. The resulting integrals are all zero except that arising 
from the term A_,(z—a)~!/277 which has the value 4_1. 

In the theory of functions the character of the point z=« for a 
function f(z) is determined by making the transformation z=1/¢ and 
studying the character of the point ¢ =0 for the function f(1/¢). Ii there 
is a circle C about z=0 as center outside of which f(z) is holomorphic 
except possibly at z= ©, then f(z) is represented by a Laurent series 


f(z) = Ag+ A,(1/z) Se A,(1/z)? Soe Ge 
=f Aaa A See oe 
which converges to f(z) at every point z outside of C. 
The expansions of f(z) at z= are 
f(@) = Ao FAR fs) + Aa(l/s) + 
fe) =AL2" ++ + A_i + Ag+ Ai(i/z) +--- 
fep are. Ag td ee Age ee 
in the cases when f(z) has, respectively, at z= an ordinary point or 
removable singularity, a pole of order —x, or an isolated essential singu- 
larity. 
The residue of f(z) at z = ©, when f(z) is holomorphic on a sim- 
ply closed regular curve C and its exterior except possibly at s = ~, 
is defined to be the number 


(5-2) 


where the integral is taken as usual in counter-clockwise sense. This 
residue has the same value when C is replaced by a circle with z=0 as 
center entirely outside of C, and is therefore readily proved to be the 
same for all curves C with the properties described above. By integrat- 
ing the Laurent series (5-2) term by term the residue at s = © is readily 
found to have the value R, = — Au. 


6. Rational functions. One of the most important classes of func- 
tions for the theory of algebraic functions, as well as for the theory of 
single-valued functions such as are considered in this chapter, is the 
class of rational functions. Most of the theorems given in this section 
can be generalized for algebraic functions, but there are important 
exceptions which will be indicated. 

THEOREM 6-1. A function f(z) holomorphic and bounded in the whole 
finite z-plane, or a single-valued function f(z) which has no singularity 
either in the finite z-plane or at z= ~%, ts a constant. 
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If a function f(z) is holomorphic and satisfies the condition | f(z) | 
<M in the whole finite z-plane, then with the help of Cauchy’s integral 
formula applied to a circle C with s=0 as center and having the point 
2 in its interior 


eee 7 1 f(w)dw 1 f(w)dw 
| f(z) OVE “zh nase Salk | 
ed f(w)dw 1 rM 
= | f < 2rkR, 
2ridco w(w— 3) 27 R(R— 1) 


where R is the radius of C and r=|z|. As R approaches infinity the last 
expression approaches zero, and hence we must have f(z) =f(0) for 
every 2. 

To prove that a single-valued function f(z) with no singularity is a 
constant we may first prove that there is a constant M such that 
| f(z) | <M, and then apply the reasoning of the preceding paragraph. 
Or one may start from the fact that such a function has a Laurent ex- 
pansion at z=0, 


f(z) =4,+Az+Aoz?+.--- ; 


which is convergent in the whole finite z-plane. This is also the Laurent 
expansion of f(z) at z= ~, and since z= is not a singular point the 
coefficients A, A», - - - must all be zero. 

THEOREM 6-2. A polynomial of degree n has a pole of order —n at 
z= 2 and no other singularity. Conversely, a function with no singularity 
except a pole of order —n atz=~ is a polynomial of degree n. 

The first part of the theorem is evident since the expression 


P(z) = Apt Avwet-+: + Anz" 


for a polynomial of degree n is its Laurent expansion at = and has 
the form which indicates a pole of order —n at that point. 

If, conversely, a function f(z) has no singularity except a pole of 
order —n at z=, let 


A_1Z -+ oe. 1a a Aly2” 


be the sum of the terms with negative exponents, the so-called principal 
part, of its Laurent expansion at z= ©. The difference 


fey Aza e — AS” 


will then have no singularity at all and must be a constant. 
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THEOREM 6-3. A rational function of z has no singularities except 
poles. Conversely, a function f(z) which has no singularities except poles 1s 
rational in 2. 

A rational function is by definition a function f(z) which is equal to 
the quotient of two polynomials 

fe) = SS ee ee (A, £0, B, ¥ 0) 
Bot Baet---+ Baz" Qs) 
wherever the denominator is different from zero, and equal to the limit 
of this quotient at every point z=a or z= where this limit is finite. In 
accordance with this definition we may just as well suppose from the 
start that the polynomials P(z) and Q(z) have no common factor. 

The only singularities of such a function are at z= or at roots 
z=a of the denominator Q(z). If Q(z) contains a factor (s—a)* and no 
higher power of z—a then z=a is a pole of order —& of f(z), as one sees 
with the help of Theorem 5-2. The product (z—a)*f(z) is, in fact, 
bounded near z=a but (s—a)*—'f(z) is not. At s= © the same theorem 
applied to the expression 


fle) = as 


Astin Ae 
Bo(1/z)” = aa a si Be 


shows that z= © isa pole of order » —m of f(z) if m>n, but is otherwise 
an ordinary point. Hence a rational function has no singularities but 
poles. 

If a function f(z) has no singularities but poles then in a circle C 
with center at z=0 there can be only a finite number of them. Other- 
wise the poles in C would have an accumulation point which would be 
a singularity of f(z) but not a pole, since all ordinary points and poles 
of f(z) are isolated from other singularities. Similarly after making the 
transformation z=1/¢ it appears that there are only a finite number of 
poles of f(z) outside of C. Suppose now that the finite poles of f(z) are 
the points z=a, (i=1,---, p) and that their orders are numbers —h;. 
Then 


f(z)(@ — ai) + (2 — @y)™ 


has no singularity except possibly a pole at z= and is equal to a 
polynomial P(z). Hence f(z) is a rational function. 

THEOREM 6-4. If a function f(z) is holomorphic in the whole z-plane 
except for isolated singular points then the number of its singularities is 
finite and the sum of its residues is zero. In particular this is true for ra- 
tional functions. 
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The argument used in the proof of Theorem 6-3 can be applied 
again to show that the number of singularities of f(z) is finite. Let C be 
a circle about z=0 as center and so large that all of the singularities of 
the function f(z) in the finite part of the z-plane are interior to C. Then 
by Theorem 4-1 


[ sea: =2ri {sum of residues of f(z) at finite points z}. 


But according to the definition of the residue of f(z) at z= %© we have 


f f(z)dz = — 27iR,. 
c 


Hence the sum of all of the residues of f(z) is zero. 

THEOREM 6-5. The sum of the orders of the zeros and poles of a rational 
function f(z) is zero. 

At a point =a which is a zero or pole of f(z) we may express f(z), 
by means of its Laurent series, in the form 


f(z) = (@- a)*{ Ag swale C4 ie aa } = (z— a)*g(z), 


where g(z) is holomorphic near z=a, g(a) = A 0, and is the order of 
the zero or pole. Then the quotient 
f’(z) _ k g’(z) 
f(z) 2-a _ giz) 
has the residue & at z=a. Similarly the residue of f’(z)/f(z) at z= @ is 
the order of the zero or pole of f(z) at z= ©. The quotient f’(z)/f(z) has 
no singularities other than the zeros and poles of f(z), and the theorem 
is therefore proved, since the sum of the residues of f’(z)/f(z) is zero. 
A very important corollary to this theorem is the fundamental 
theorem of algebra which says that every polynomial has at least one 
root. Since a polynomial of degree m has one pole of order —n at z= 0, 
the sum of the orders of its zeros, according to Theorem 6-5, must be x. 
It is understood that the principal part of the Laurent expansion at 
an isolated singular point z=a of a function f(z) is the sum of the terms 
of the expansion which have negative exponents. With this definition 
in mind we can prove the following theorem: 
THEOREM 6-6. If Pi(z),- ++, Px(z) are the principal parts of the 
Laurent expansions at the poles of a rational function f(z), then f(z) is 
expressible in the form 


(6-1) fe)-= PiGy te c+ Pi (2) + oe. 
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If a finite number of poles and principal parts are selected arbitrarily then 
there exists a rational function which has these poles and principal parts 
and no other singularities. The most general such function is of the form 
(6-1), where c is an arbitrary constant. 

Each of the expressions P;(z), for a given rational function f(z), has 
no other singularity except the pole at which it is the principal part. The 


difference 
f(z) = Px(z)— hed = P,(2) 


has therefore no singularities whatsoever and is constant. 
If Pi(z), - - - , P,»(z) are selected arbitrarily the sum 


(2) = Pile) ee 7? Ee) 


is evidently rational and has the required singularities and principal 
parts and no others. For every other function f(z) with these properties 
the difference f(z) —g(z) has no singularities and is a constant. 

THEOREM 6-7. If a1, > > +, Gm, bi, - + + , bn are the zeros and poles of a 
rational function f(z) in the finite part of the z-plane, each repeated a 
number of times equal to the absolute value of its order, then f(z) is expres- 
sible in the form 

(gs — ai)--- ( — am) 


6-2 2) "6 
he I z— b,)--- (gs — by) 


If the numbers a, - ~~, Gm and bi, - - - , b, are selected arbitrarily in the 
finite part of the z-plane there exists a rational function having them as its 
finite zeros and poles. The most general such function is of the form (6-2) 
where c is an arbitrary constant. At s= © the function has a zero of order 
n—m ifn>m, a pole of order n—m if n<m, or an ordinary point which 
is neither a zero nor a pole ifn=m. 

The truth of the first statement of this theorem follows readily from 
the fact that the rational function 


(2) (g — ai) +--+ (2 — dm) (1 — ai/z)-+- (1 — ay,/z) 
g 2) i _ = gm—n Prien 
(zg er bi) Or (2 = b,) (1 = b1/z) ree (1 - b,/2) 
has the finite zeros a, - + - ,@» and poles b,,--- ,6,, and also the order 


which f(z) must have at z=, as one readily verifies from the fact 
that the sum of the orders of the zeros and poles is zero. The quotient 
f(z)/g(z) has no zeros or poles and hence is a constant. The last part 
of the theorem is now evident. 

The theorems numbered 6-1 and 6-3 to 6-5 above all have cor- 
responding theorems of similar forms which hold for the rational func- 
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tions, associated with an algebraic function, which are to be studied in 
later chapters. The last two theorems are in a quite different category, 
however. They imply that the principal parts, or the zeros and poles of a 
rational function in the finite z-plane, can be selected arbitrarily. On the 
contrary, it is not in general possible to prescribe arbitrarily the prin- 
cipal parts or the zeros and poles of a rational function on the Riemann 
surface of an algebraic function, as will be seen in Theorems 40-2 and 
40-4 of Chapter V. 


7. An expansion theorem. The theorem to be explained in this section 
is a fundamental one for the development of the properties of algebraic 
functions and it has also many other applications. It is the theorem 
which characterizes a curve f(x, y)=0 in a neighborhood of a non- 
singular point where the partial derivatives f,, f, are not both zero. 

THEOREM 7-1. THE EXPANSION THEOREM. Let f(x, y) be a function 
of the two complex variables x, y with the properties 

(1) it is expressible near (a, b) by a convergent power series in x—a 

and y—b, 

(2) f(a, 6) =0, 

(3) fy(a, b) #0. 

Then there is one and but one power series of the form 


yD 6d — 0) - 62( 8. — @)? Ae 


which satisfies f(x, y) =0 identically. In a suitably chosen neighborhood 
x—a <6 this power series converges and defines a holomorphic solution 
y(x) of the equation f(x, y) =0 with the further property that there is a con- 
stant €>0O such that no solution (x, y')¥#\x, y(x)} exists satisfying the 
inequalities 

(7-1) |x — a|S 6, |v’ — y(x) |S €. 


There is no loss in generality in taking (a, 6) = (0, 0), or in supposing 
the equation f(x, y) =0 in the form y=A(x, y) with (0, 0) =h,(0, 0) =0. 
The first simplification can be brought about by a transformation 
x—a=x', y—b=y’; and the second by transferring all of the terms of 
the equation f(x, vy) =0 to the right side except the linear term in y which 
has a coefficient different from zero by (3). 

Suppose then that we try to make the series 


(7-2) Ng din wet 2 Sl 
satisfy the equation 


(7-3) y= h(x, y) 
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formally. By substituting and comparing coefficients we see successively 
that this will be accomplished if each c; is set equal to a uniquely deter- 
mined polynomial with positive integral coefficients in a finite number 
of the coefficients of 4. Hence there is one and but one series (7-2) which 
satisfies (7-3) formally. 

In order to prove the convergence of (7-2) we lose no generality in 
assuming h(x, y) convergent for |«|<1, |y|<1, since if the series 
h(«, y) converges for |x| <p, | y| <o we can always secure convergence 
for |x’|<1, |y’|<1 by making the transformation x=px’, y=cy’. 
Under these circumstances the coefficients of h(x, y) have absolute val- 
ues all less than a certain constant M, since by hypothesis the series of 
absolute values of the terms of h(x, y) now converges when x=1, y=1. 
The equation 

7-4 H sep M M 

(7-4) y (x, y) Cia ee 
has no constant term and no linear term in y on the right, and has each 
coefficient in H(x, y) greater than or equal to M and hence greater than 
the absolute value of the corresponding coefficient of h(x, y). Its unique 
solution series through (a, y) =(0, 0), 


(7-5) i Ge Gee, 


has therefore positive coefficients each greater than the absolute value 
of the corresponding coefficients of (7-2). But the series (7-5) repre- 
sents the solution 
1— {1—4M(1+ M)x/(1 — x}? 
ne 
; 2(1 + M) 


of equation (7-4) which vanishes at x =0, and therefore surely converges 
when |x|<1/(1+2M)*. Hence the series (7-2) converges also on this 
interval. 

To prove the last statement in the theorem we may write 


f(x, v') — f(x,y) = Cy’ — A(x, 9, 9’) 


where A (a, b, 6) =f,(a, 6) #0. Hence in a sufficiently small region (7 - 1) 
we have A |x, y(x), y’]0, and we see that f(x, y) and f(x, y’) can not 
both vanish unless y= y’. 


8. Resultants and discriminants. For the developments in later 
chapters we shall need some properties of the resultant of two poly- 
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nomials and of the discriminant of a single polynomial. The resultant of 
two polynomials 


GTS Wee a ei ei mare 
BS hoy a iy Eon 


may be represented by the symbol 


y = ag 


yg 
§ 


which stands for the determinant whose rows are the coefficients of the 
powers of y in the polynomials indicated. The resultant is not identically 
zero in the coefficients of f and g since for the special case f=”, g=y"+1 
its value is unity. By multiplying the polynomials in the symbol for R 
by the co-factors of the last column of R we find an identity 


(8-1) R= M(y)f(y) + Ny) gy) 


where the coefficients M and N are polynomials in y with degrees not 
greater than n—1 and m—1, respectively. 

THEOREM 8-1. When the polynomials f and g have numerical coeffi- 
cients a necessary and sufficient condition that they shall have a finite or 
infinite common root is R=0. 

If R is different from zero the coefficients fy and go are not both zero 
and the equation (8-1) shows that f and g cannot have a common 
finite root. If R=0 there are constants not all zero satisfying the linear 
equations whose coefficients are the columns of k. When the poly- 
nomials in the symbol for R are multiplied by these constants and 
added, an identity in y of the form 


(8-2) 0= M(y)f(y) + V(y)e(y) 


is found, where M and N have degrees not exceeding »—1 and m—1 as 
before. It follows readily from this equation that when fy and gy are not - 
both zero the polynomials f and g have a common linear factor and 
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therefore a common finite root. When fo and go both vanish f and g 
have a common infinite root. 

The resultant R becomes a polynomial in fo, go and the roots &;, 
n. of f and g when the values of f; and g; are substituted from the ex- 
pressions for fi/fo and gi/go as symmetric functions of the roots. It is 
easy to see that R has the factor fo"go”, and we can prove that R is 
homogeneous and of degree mn in the roots &;, 7,.. For if we multiply 
each root by a factor p the coefficients f; and g; are multiplied by p* and 


p*. If we multiply the k-th row of R by p*—! for k=1, - - - , m, and the 
(n+12)-th row by p*! for 7=1, - - - , m, it turns out that a factor p*-1 
can be taken out of the s-th column for s=1, 2,---,m-n. Hence R 


is multiplied by p to the power 


(hee ee 1) = ce ee) 
—(1+.---+m-—1)=mn, 


and we see that R is homogeneous and of degree mm in the roots &;, nx. 
Since R vanishes in every numerical case for which a root £; is equal to 
a root y; it must contain each of the factors £;—7,, and since the degree 
of R in the roots is mn it follows that 


(8-3) R = ofS go™ Ile: =s nk), 


where the product is taken for all the mn differences. The value of the 
constant c is readily found to be 1 since for the special case f=y”, 
g=y"+1 the values of II, fo, go and the determinant for R, are all unity. 
From the expression (8-3) for R it is evident also that 


(8-4) R = fo TI e(&) = go" [1 fm), 


where the products are taken, respectively, for all the roots &; of f and 
all the roots n, of g. 

The discriminant D of a polynomial f(y) is by definition the resultant 
of the derivative f’(y) and the polynomial 


g(y) = mf — vf! = fiy™ > +--+ + (mm — 1)fm_iy + mfm. 


From equation (8-1) it follows readily that the discriminant satisfies 
an identity 
D = P(y)f(y) + Q0)/'Q) 


where the coefficients P and Q are polynomials of degrees at most 
m—2 and m—1, respectively. 

THEOREM 8-2. When f(y) has numerical coefficients a necessary and 
sufficient condition that it shall have a finite or infinite multiple root is D =0. 
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From Theorem 8-1 we know that when D=0 the polynomials f’(y) 
and g(y) have a finite or infinite common root. If the common root is 
finite it must be a root of both f(y) and f’(y), on account of the form 
of g(y), and hence is a multiple root of f. If it is infinite then the leading 
coefficients mfo, fi of f(y) and g(y) both vanish, and f itself has a mul- 
tiple infinite root. 

In the determinant for D we may substitute the values of the coeffi- 
cients f; from the expressions for the quotients fi/f) as symmetric func- 
tions of the roots é; of f. It is easy to see then that D has the factor 
fo" and is a symmetric function of the £;. By an argument similar 
to that used for the resultant it can be shown further that D is homo- 
geneous and of degree m(m—1) in the roots. Since D vanishes when 
£;=£, it must contain the factor £;—£,, and consequently the square 
of this factor, since it is symmetric in the roots. It follows readily then 
that . 

D = cfem— [I — &)?, 
i<k 
where c is a constant, since the degree of each side of the equation in the 
variables £; is m(m—1). From the relation 


tf’ (E1) = Fol&1 ae £5) pao s (E, = ey 

and similar ones for the other roots, we find 
D — Co 1) i Si a ied iti Wire ; 

The value of the constant c can be found from the special case f=y"+1 
for which the value of the determinant for D is m?”~* and the value of 
the product in the last equation is m”™, as one readily calculates. Hence 
we have the two final formulas for D 
(8-5) D = (— 1) ™(- D124 m—2f 2m—2 II: = t¢)? 


I< 


per tig | LCE, 


which will be useful in later chapters. 


(8-6) 


9. Reducibility of a polynomial f(x, y). The polynomials to be 
studied in this section are all supposed to have their coefficients in the 
domain of real or complex numbers. A polynomial f(x, y) with coefh- 
cients in this domain is said to be reducible if it is equal to the product 
of two other such polynomials in « and y neither of which is a constant; 
otherwise it is irreducible. For the study of the irreducible factors of a 
polynomial the following lemma is fundamental: 
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Lemma 9-1. If the functions f, g, P, L, in the equation 
f(x, Wala, y) = Pla, y) L(x, y) 
are polynomials in x and y, with P irreducible, and if the equation is an 
identity in x and y, then P is a factor of either f or g. 

This can easily be proved when P =x —a. For suppose the lemma not 
true in this case and set x=a in the equation. The coefficients of the 
powers of yin f(a, y) would not all vanish, and similarly for g(a, y). We 
could then select a value 6 for y which is not a root of either f(a, y) or 
g(a, y) and the equation of the lemma would then not be true. Hence 
P=x-—a must be a factor in all the coefficients of powers of y in f, or 
else in all the similar coefficients for g. 

In the general case when P involves both « and y suppose that P is 
not a factor in f so that f and P have no common factor at all, since P 
is irreducible. The resultant of f and P as polynomials in y will then be 
a polynomial R(x) not identically zero and satisfying an identity, 
analogous to (8-1), of the form 


(9-1) R(x) = M(x, y)f(x, y) + N(x, y)P(x, ¥) 


in which R(x), M(x, y), N(«, y) are polynomials. The equation (9-1) 
multiplied by g, with the equation of the lemma, then imply an equa- 
tion of the form 

R(w)g(@,. 9) = Plea Ota, vy. 


According to the preceding paragraph the factors x—a of R(x) must 
be divisible into the coefficients of the powers of y in Q(x, y), since P 
is by hypothesis irreducible, and hence g has the factor P. 

CoroLiary. For two irreducible polynomials f(x, vy) and P(x, y), both 
of which contain powers of y, there are only a finite number of values of x 
for which f and P have equal roots y unless f is a constant times P. 

This follows from equation (9:1) in which R(x) would be identically 
zero if f and P had equal roots y for an infinity of values of x. Since 
M(x, y) in this equation is at least one degree lower in y than P, it fol- 
lows that P would have to be divisible into f(x, y) and hence f.and P 
would differ only by a constant factor. 

Lemma 9-2. Every polynomial f(x, y) is expressible as the product 
f=P,P2:- + Px of a finite number of irreducible factors, and every other 
such expression for f has factors which are the same except possibly for 
constant multi pliers. 

The existence of such a product for f, consisting of at least one factor, 
is evident. Suppose that a second one is f=Q; - - - Q:. According to the 
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preceding lemma Q; must be a factor in P, or else in the product 
P,--- Px. Repeating this argument we conclude finally that Q, is 
divisible into some P;, in which case Q; coincides with P; except for a 
constant multiplier. If we divide out by Q:=P; we may similarly show 
that the second factor Q2 is identical with a new factor P;, and so on. 

THEOREM 9-1. A necessary and sufficient condition that a polynomial 
f(x, y) shall have no repeated irreducible factors involving y is D(x)#0, 
where D(x) is the discriminant of f(x, y) as a polynomial in y. 

If f(x, y) has such a repeated factor then for every « the equation 
f(x, y) =0 has multiple roots y and D(x) must vanish identically. Hence 
the condition of the theorem is sufficient. 

The condition is also necessary since if D(«)=0 then by the argu- 
ment in Section 8 there is an identity of the form 


M(x, y)f(x, 9) + N(x, yf(a, y) = 0 


analogous to equation (8-2), in which M(x, y) and N(x, y) are poly- 
nomials of degrees at most n—2, n—1, respectively, in y, and not 
identically zero. By Lemma 9-1 all of the irreducible factors of f must 
divide either N or f,, and one at least of those which involve y, say 
P(x, y), must be a factor of f,, since the degree of N(q, y) in y is too low 
for NV to contain all of them. The equations 


f= P(e, 9) ks, 9), Wi ee CE a 


show that if P is a factor in f, it must also be a factor of 4, so that P 
occurs at least twice in f(x, y). 


REFERENCES FOR CHAPTER I 


For the theory presented in Chapter I above the reader may consult 
the standard books on the theory of functions of a complex variable, 
for example, the references numbered 13, 24, 34 and 35 in the list at the 
end of this book. For the theory of resultants and discriminants see the 
references numbered 25 and 31. 


CHAPTER II 
ALGEBRAIC FUNCTIONS AND THEIR EXPANSIONS 


10. Introduction. In the preceding chapter it was shown that the 
values of a single-valued analytic function of a complex variable x ina 
neighborhood of an isolated singular point « =a are the values of a Laur- 
ent series in positive and negative integral powers of x—a, convergent 
in a suitably chosen circle with «=a as center except possibly at x=a 
itself. In the following paragraphs we shall see that an algebraic func- 
tion of x is a multiple-valued function, and that its values near an arbi- 
trary point x =a are given, not by one, but in general by a finite number 
of Laurent expansions, each in powers of a variable ¢=(x—a)!/" where 
ris a positive integer. The purpose of this chapter is the definition of 
an algebraic function and the determination of its expansions. 


11. Definition of an algebraic function. Let f(x, y) be a polynomial 
in y of the form 


Te, vy) = folo)y" + flay" - 2 = = as 


where each coefficient f;,(x) is itself a polynomial in x with coefficients 
in the domain of complex numbers. The largest exponent of x occurring 
in one of these coefficients will be denoted by m. An algebraic function is 
then a function y(x) defined for values x in the complex x-plane by an 
equation of the form f(x, y)=0. The values of such a function y(«) 
are points in the complex y-plane, and there are in general more than 
one value of y(«) corresponding to each «. At x= the values of the 
function y(x) are, by definition, the roots of the equation g(0, y) =0 
where g(x’, y) =x’™ f(1/x’, y). 

Unless otherwise expressly stated it will be understood always that 
the conditions 

(a) fo(x),---, fx(~) have no common factor involving x, 

(b) fo(x) ZO, 

(c) D(x) 40 
are satisfied, where D(«) is the discriminant of f(x, y) thought of as a 
polynomial in y. It can be seen without great difficulty that these con-+ 
ditions are not serious restrictions. When, for example, the discriminant 
D(x) is identically zero it has been shown that the polynomial f(x, y) 


24 
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has repeated factors involving y, and the exclusion of all except one of 
these factors in each case would reduce the polynomial to one with the 
properties indicated. The condition D(x) 40 implies further that at all 
except a finite number of values x =a where D(a) =0 the values of (x) 
are distinct and exactly m in number. 

A point x=a in the complex x-plane where f)(a) #0, D(a) #0 is 
called an ordinary point for the algebraic function y(x). A point at which 
one or both of f(a), D(a) vanish is a singular point. The point x= is 
ordinary or singular according as x’ =0 is ordinary or singular for the 
algebraic function y(«’) defined by the equation g(a’, y) =«’™ f(1/x’, y) 
=(). The number of singular points is evidently finite. 

THEOREM 11-1. Near an ordinary point x =a the n values of the alge- 
braic function y(x) are defined by n convergent series 


(11-1) = Pre ae) ae tC) 
G=r1j <> 47) 


where the numbers b; are the n distinct roots of f(a, y) =0. 

To prove this it is evident that at each pair (a, 5;) we have f(a, b;) 
=0, f,(a, b:) #0. Hence Theorem 7-1 tells us that there is a convergent 
series (11-1) which satisfies f(x, y) =0 identically. 


12. Continuations of the values of an algebraic function. If the 
values of an algebraic function y(x) at a non-singular point x=’ are 
designated by the symbols y/, - - - , y,/, then as « describes a continuous 
arc C joining x’ to x’’ and consisting only of ordinary points of y(«) 
these values go over continuously into values y/’,---, ya’ of y(x) at 
x’. The theorems of this section describe properties of such continua- 
tions. 

THEOREM 12-1. Jf x=<x(t) (4; Sth) is a continuous arc C consisting 
entirely of ordinary points of an algebraic function y(x) then the values of 
y(x) along C form a set y,(t) (tr; StSt; R=1,--- , n) of n distinct con- 
tinuous functions on tte. 

The theorem is easily seen to be true with the help of Theorem 11-1 
for each arc xx’ of C sufficiently near 1. Suppose that there were 
a largest arc «€ for each interior point x’ of which the arc xx’ of 
C has this property. There would then be a circle about & as center 
in which the values of y(x) would be defined by n distinct series V(x) 
(J=1, -- +, m), as indicated in Theorem 11-1. Let x’ be a point on C 
such that the arc x’¢ is in this circle, and let y;(/) (k=1, - - - , 2) be the 
continuous functions representing y(x) on xx’. The functions Y,(x) 
could then be numbered so that Y;(«’) =4,(t’), and on the interval ¢’t’’ 
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corresponding to the arc «’ x" indicated in Figure 12-1 the functions 
y(t) = Y;,[x(t) | would be continuous extensions of the functions y;,(¢) on 
i,t’. Hence the arc «:£ could not be the largest arc with the properties 
presupposed above and the theorem is true for the whole arc C. 


Bre. lat 


CorotuaryY. There is always a polygon with the same end-points as C, 
consisting entirely of ordinary points of v(x), and having continuation 
functions Y,(t) which can be so numbered that they have the same end- 
values as the functions y(t) belonging to C. 

The corollary is easily seen to be true on sub-arcs of C with initial 
point x, and which lie entirely within a circle with center at x; where the 
algebraic function is represented by » distinct series (11-1). If there were 
a largest arc a,£ of C for which each interior arc «,«’ has the property 
of the corollary, then for an arc xx’ as in Figure 12-1 the polygon 
could be extended to «’’ by the addition of the straight line segment 
x’a’’, and a,€ could not be the largest arc as described. The conclusion 
of the corollary is therefore true for the whole arc C. 

In the following pages a region R of the x-plane is understood to be 
a set of points all of which are interior points of the set. A region R is 
connected if every pair of its points can be joined by a continuous arc 
entirely within R, and it is simply connected if further the interior of 
every simply closed curve in RK is also in R. 

THEOREM 12-2. Let R be a simply connected region of the x-plane con- 
taining only ordinary points of an algebraic function y(x), and let P be a 
simply closed polygon in R with the equation x=x(t) (t,StSte). Then 
the continuation functions y,(t) (k=1,---, ) along P have initial- 
and end-values which are identical, i.e., Vx(ti) =ye(te) (R=1, +--+, 2). 

The theorem is certainly true for every simply closed polygon which 
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lies in a circle about an ordinary point x =£ as center in which the values 
of y(x) are represented by n distinct power series in x—£ similar to those 
of the set (11-1). 

Suppose then that the theorem were not true on a certain polygon 
P in R. If the interior of P is divided by a segment «3, parallel to the 
real axis in the x-plane, the continuation functions in one at least of the 
polygons #134441, xv3v5", would have different initial and end-values. 
Otherwise the continuation functions belonging to these polygons, when 
so numbered that they coincide at «1, would form a set of continuation 
functions on P for which the theorem would be true, which is a contra- 


Fic, 12-2 


diction. By repeating this process of subdivision by lines parallel to the 
co-ordinate axes a sequence {P;} of simply closed polygons could be 
determined, with maximum diameters approaching zero,* on each of 
which the theorem fails. Select a point &; arbitrarily on each P;. The 
points €; must have an accumulation point £ on P or its interior, in 
every neighborhood of which there are polygons P;. But since & is an 
ordinary point it has a neighborhood MW such that the continuation 
functions on every simply closed polygon in N have the same initial 
and end-values, which is a contradiction. 

Corotiary 1. The conclusion of Theorem 12-2 holds for every closed 
polygon P in R, even if it is not simply closed. 

To prove this let the corners of P be designated by aixz + - + nay. 
Without changing the initial and end-values of its continuation func- 
tions at x, the polygon P can be simplified in two ways. In the first place 
segments common to adjacent sides, as shown in Figure 12-3, can be 
deleted. After this has been done the corners x, (k=2,-- +, m) can be 


* See pages 29-30 of the reference in the footnote on page 5 of this book. 
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successively moved slightly if necessary so that in each case the side 
%,-1%, is not parallel to any other side. The possibility of doing this, 
as shown in Figure 12-4, is due to the fact that when the new sides 
X14; Xp41 are also in R there are continuation functions along them with 


Le-1 Ur+1 Xp, 
Xe+1 L-1 XE 
Bes 123: 


the same end-values as those of the continuation functions along ¥:1 
x.Xi41, according to Theorem 12:2. The result of these modifications 
is that two sides of the polygon P have at most one point in common. 


Fic. 12-4 


Suppose now that the side x,_,«, is the first one which intersects a 
preceding side «;,1”;,, and let the common point be &. Then the polygon 
Ex, + + + X,1& is simply closed and can be discarded because, according 
to Theorem 12-2, its continuation functions have the same initial and 
end-values at &. This process of discarding loops can be repeated at most 
a finite number of times since the number of sides of the remaining poly- 
gon after each discard is at least one less than before. After all such loops 
have been deleted the remaining polygon is itself simply closed and has 
the same initial and end-values of its continuation functions as P. 
By Theorem 12-2 these initial and end-values must be identical. 

THEOREM 12:3. 1 a simply connected region R of the x-plane contain- 
ing only ordinary points of an algebraic function y(x) the values of y(x) 
form a set y,(x) (k=1, +--+ , ”) of n distinct holomorphic functions. 

In order to show this let the values of y(x) at an arbitrarily chosen 
point «, of RK be denoted by 0,(k=1, ---,m). On all polygons P in R 
joining x, to a second point ax: the continuation functions y,(¢) for which 
vi(ty) =b, will have the same end-values at «2. Hence numbering the 


values of y(x) at 4, numbers them by continuation at every other point 
Xe of R. 
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The single-valued functions y,(«) so defined in R are holomorphic at 
each point x2 of R. For let Y,(x) be the series in x — 2» defining the values 
of y(x) near x2, so numbered that y,(22) = V.(a2). The values yx(a) then 
coincide with the values Y;(x) at every point « near x: since the con- 


vy 
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tinuation function on the straight line segment «2x which starts with 
the value y;(«2)=YV.(a2) has the end-value Y,(x), and the function 
Y (x) is analytic at x». . 

THEOREM 12-4. At an ordinary point x =a of an algebraic function the 
radii of convergence of the n series in powers of x —a representing the func- 
tions y.(x) (R=1,- ~~, ) are at least equal to the distance from x=a to 
the nearest singular point of the algebraic function. 

This is evident since the interior of the circle C with center at x=a 
and passing through the nearest singular point is a simply connected 
region in which the functions y,(x) of Theorem 12-3 are holomorphic. 
Hence their Laurent expansions at x=a are convergent everywhere in 
the interior of C. 


13. The expansions for an algebraic function. In the preceding pages 
it has been shown that near an ordinary point x=a of an algebraic 
function y(x) the values of y(x) are given by m distinct power series in 
x —a of the form (11-1), and these series are convergent in a circle which 
reaches to the nearest singular point. In this section it will be shown that 
the values of y(x) near a singular point are also representable by power 
series, but series which may have terms with fractional powers of «—a. 
A first property of such series is given by the following lemma and its 
corollary. 

Lemna 13-1. In a properly chosen neighborhood N of a point x=a 
for which fo(x) =(«—a)g(x) with g(a) #0 the products z=(x—a)y, where 
y is a root of f(x, y) =9, are bounded. 
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To prove this select N so small that g(x) #0 in it. Then every product 
z when different from zero satisfies the equation 


ee y) ape hi re (x eyo aad (4 — a) Pf, 7 
y"fo 2g ag 2g 


Ou 


If z were not bounded in N there would be points xa in N at which 
this equation could not be true, since every function (~—a)“'-)?f;,/g 
is bounded in JN. 

We may note in passing that if p=0 the roots y themselves are 
bounded in NV. If p>0 it may be that there is a smaller integer g such 
that the products (x—a)*y are bounded in NV. 

Corotiary. [f a Laurent series 


y = Co + ost + Got + <-- 


(13-1) 
“dy” dg ep ee 


satisfies the equation f(x, y) =0 identically in t when t=(x—a)"", or when 
t=(1/x)1/", r being a positive integer, then the number of terms with nega- 
tive exponents must be finite. 

For the case when t=(x—a)1/" the product (~—a)?y=f"y, where y 
is the series (13-1), is bounded, according to the lemma above. It is 
readily seen then that the product ¢?’+*y is holomorphic in a neighbor- 
hood of the point ¢=0 including /=0 itself. Hence the Laurent expan- 
sion for /77+*y at t=0 has no terms with negative exponents for f, and 
the expansion (13-1) for y, found by dividing this Laurent expansion 
by #"*°, can have only a finite number of terms with negative expon- 
ents. 

When ¢=(1/x)" we may make the transformation « =1/«’ and draw 
similar conclusions with the help of the polynomial g(x’, y) =«’™ 
f(1/x’, y) and the expression ¢=x’"/" for @. 

We can now determine the character of the expansions which repre- 
sent an algebraic function in a neighborhood of an arbitrary point x=<a. 
Let C be a circle with x=a as center containing no singularity of the 
algebraic function except possibly «=a. If a cut ad is made, as indicated 
in Figure 13-1, the part of the interior of the circle which remains is 
a simply connected region K containing no singularities of the algebraic 
function. In K the values of the algebraic function y(x) form » distinct 
holomorphic functions y,(x) (k=1, +--+, 2), as indicated in Theorem 
12-3. The same is true in the region R’+R”’ shown in the figure, and 
we can number the functions Y;.(«) for R’+R”’ so that in R’ each will 
be identical with the corresponding y,(x). In the region R’’ the function 
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Y,(x) may be equal to y,(«), but if not it will at any rate be identical 
with another one of the set, say y,(x). 

Suppose now that the region R is replaced by a pile of such regions, 
one for each of the functions y,(x), and let the point over « in the k-th 
sheet represent the pair [x, y,(x)]. The pile can be made to represent 


BIG. 131: 


the functions continuously, even along the edges of the cut abd, if the 
edge ab’ in the &-th sheet is joined to the edge ab’’ of the /-th sheet for 
which the identity Y,(x) = y,(«) holds in R’’, as indicated in Figure 13-2, 
and if the points of the edges so joined are associated with the values of 
Y (x) along ab. The points P of the surface so formed are in one-to-one 


Hie, 13-2 


correspondence with the pairs of values (x, y) satisfying the equation 
f(x, y) =0 for values x on the circle C and its interior exclusive of «=a, 
and the correspondence is such that the single-valued function y(P) so 
defined on the surface is holomorphic. By a holomorphic function y(P) 
we mean one that is single-valued on the surface and such that for each 
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point P» on the surface there is a neighborhood in which the points P 
of the surface are in one-to-one correspondence with their values «, and 
in which furthermore the corresponding values y(P) define a holomor- 
phic function of «. The surface evidently falls into cycles, each contain- 
ing one or more sheets, as indicated in the figure. 

The transformation «—a=@' establishes a one-to-one correspondence 
between the points of a cycle of r sheets and the interior, exclusive of 
the origin, of a circle [ with ¢=0 as center in the ¢-plane. The values 
y(P) belonging to the cycle define a single-valued function y(t) holo- 
morphic on the interior of I except at the origin. The Laurent expan- 
sion for this function satisfies the equation f(x, y)=0 with x=a+?r 
identically in ¢, and by the last corollary it can have only a finite num- 
ber of terms in ¢ with negative exponents. Hence we see that for each 
cycle of sheets there exists a so-called. branch of the algebraic function 
with equations of the form 


C= er, y= be + De + ---, 


where 7 is a positive integer and the exponents of ¢ are positive or nega- 
tive integers or zero with w<u’< ---. Only those coefficients 8, 
b’, - - - are indicated which are different from zero. We can now prove 
the following theorem: 

THEOREM 13-1. In a neighborhood N of every finite point x=a the n 
distinct values of an algebraic function y(x) are determined by a finite 
number of branches of the form 


(13-2) — w= a+ P, y= be +o +... 


in which r is a positive integer, the coefficients b, b’, - - - indicated are all 
different from zero, and the exponents of t are integers, possibly zero or 
negative, such that w<p'< +--+. For a value x¥a in N each branch 
determines r distinct values of v(x) when the r values of the root t=(x—a)!!" 
are substituted in the series for y. The sum of the numbers r for the different 
branches 1s n. The branches for x= ~* have x=1/t' in place of x=a+t'. 

A branch will be designated as primitive if its integers r, uw, mu’, - - - have 
no common divisor. A necessary and sufficient condition that a branch shall 
define distinct values of y near x =a is that it be primitive. 

Two primitive branches will be called equivalent when their expansions 
(13-2) become identical after a transformation of the form t=wt', where w 
is one of the r-th roots of unity. A necessary and sufficient condition that 
two primitive branches define distinct values y near x=a is that they are 
not equivalent. 
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If a set S of non-equivalent primitive branches represents the values of 
an algebraic function y(x) near x=a, then every other set S’ with these 
properties must have each of its branches equivalent to one of S. 

The statements in the first paragraph of the theorem are justified by 
preceding arguments. 

If tis one value of the root (x—a)"/” then the totality of such roots 
is the set of numbers w*t (k=0, 1, - - - ,r—1) where w=e?""/" is a primi- 
tive r-th root of unity. The 7 values of y defined by a primitive branch 
(13-2) are then 


Ye = bot + blot’ + ---(k =0,1,--+,7—1). 


Two such values y; and 4; are distinct near ¢=0 unless their series have 
the same coefficients, which would imply that the numbers (j—£)y, 


(j—k)u’, - - - are all divisible by 7. But in this case r, uw, pw’, - - - would 
have a common divisor, and the branch would not be primitive. 
Let two branches have exponents (7,u,u’,---) and(s,v,v’,---), 


and let d, m be respectively the greatest common divisor and least com- 
mon multiple of r, sso that r=pd, s =ad, m=pcad. If tis now a particular 
m-th root of «—a and wa primitive m-th root of unity, then / is an r-th 
root of x—a and w’ isa primitive r-th root of unity, and it is readily seen 
that the v-th and s-th roots of x—a are the sets 


rif Oise 1). Se" Ph = 0,1, 2+ s=1% 
The values of y(x) defined by the two branches are given by series 
Vi = butt tor a te five Vk = Cu) PP” per + Being 


There will be a neighborhood of t=0 in which the values defined by 
these series are all distinct unless some two of the series are identical. 
In case of such identity the equality of exponents would require on =pyr, 
op’ =pv’, --- , which in turn would require p=o=1 and the identity 
of the sets (7, u, u’, -- - ) and (s,v,v’, --- ),sincep anda are relatively 
prime and the branches both primitive. The equality of the coeffi- 
cients would then give the relations 


— — Po Mast ae A k—7) pm’ ee. es 
b= cw!’ De, b’ = cw! a ES ; 


which show that the series for y; and y, would be equivalent by the 
transformation t=w'~'t’. 

The uniqueness, in the sense of equivalence, of the set of branches 
representing the values of an algebraic function y(*) near «=a, as 
stated in the last paragraph of the theorem, is evident, since (x) has 
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but 2 values and any new branch not equivalent to one already in the 
set would define new values for y. 

In Figure 13-2 it is understood that over the point x=a the sheets 
of a cycle are joined, but that two different cycles are distinct over x =a. 
The vertex of a cycle, or a point on one of the sheets of a cycle, may be 
called a place to distinguish it from the corresponding point x of the 
x-plane below it. Thus at a point x of the x-plane an algebraic function 
y(«) has in general 2 values, while at a place on a cycle it has but one 
value. 

An ordinary place is one at which the Laurent expansion for y in 
(13-2) has no terms with negative exponents. The constant term of the 
expansion is clearly one of the roots of the equation f(a, y) =0, a value of 
the algebraic function. A singular place is one which is not ordinary. If 
the first exponent yu of the expansion (13-2) is different from zero the 
corresponding place is called a pole of order u if u is negative, or a zero 
of order w if wis positive. The only singular places for an algebraic func- 
tion are poles since the Laurent series (13-2) has only a finite number of 
terms with negative exponents. 

A pair of values (x, vy) =(a, 6) may belong to the vertices of a number 
of different cycles. The following theorem relates the number of sheets 
in these cycles to the multiplicity of y=) as a root of f(a, y) =0. 

THEOREM 13-2. If y=6 is a finite root of f(a, vy) =0 of order q, then the 
pair (x, vy) =(a, b) belongs to vertices of cycles over x=a possessing in all 
exactly q sheets. 

To prove this let D be a circle in the y-plane with center at y=6 and 
containing no root of f(a, vy) =0 except y=0. Let C be a circle in the x- 
plane with center at x=a and so small that for x in C all the values 
y(x) on sheets of cycles belonging to (a, 6) are inside D, while all the 
values of y(x) on other sheets are outside of D. Then for a fixed x in C 
the number of roots of f(#, y) =0 in D is equal to the number q’ of sheets 
in the cycles belonging to (a, 0). We have then 


(x, y)dy 
(133) Loh ty = 2ri{no. of roots of f(x, y) in D} = 2riq’. 
D Te, y) . : 
As x approaches a we find therefore 
(a, y)dy 
(13-4) ee 2rig’. 
p f(a, ¥) 


But the value of the last integral is readily seen to be 277g when y=6 
is a multiple root of f(a, y) =0 of order g, so that g=q’. 
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Coro.iary. If y= is a root of f(a, y) =0 of order q, then the pair 
(x, y) =(a, ©) belongs to vertices of cycles over x=a possessing exactly q 
sheets. Both the theorem and this corollary apply at x= as well as at 
jinite values x =a. 

The value y= is by definition a root of order g of f(a, y) =0 if 


he) = = font) = 0, fila) # 0. 


The finite roots of f(a, y) =0 are consequently —g in number, and ac- 
cording to Theorem 13-2 they belong to cycles containing exactly n—g 
sheets. Hence y= © must belong to the remaining q sheets. 

The truth of the theorem at x= can be established as usual by a 
discussion of the expansions for the polynomial g(x’, y) =a’™ f(1/x’, y) 
at the point «’ =0. 

In conclusion it is important to note that the branches 

y= be + 0H’ 4+.---, b= (x — a)" cor (1) a)" 


which satisfy the equation f(x, y) =0 are the important elements of the 
algebraic function, rather than the points (x, y) which satisfy the equa- 
tion. At an ordinary point x =a the points (a, y) =(a, b;) satisfying f=0 
are in one-to-one correspondence with the branches, so that either the 
number pairs (a, b;) or the branches can be used to characterize the 
places over x =a. At a singular point x =a, however, the same pair (a, 6) 
may belong to a number of different branches, and the places over 
x=a on the corresponding cycles are distinguishable only by the ex- 
pansions which belong to them. 


14. Determination of the expansions by means of Newton’s poly- 
gons. The arguments of the preceding section establish the existence of 
the expansions representing an algebraic function, but they do not 
provide a convenient method for actually computing successively the 
terms of these expansions. The purpose of this section is the develop- 
ment of such a method of computation applicable to numerical ex- 
amples. 

Let y=6 be a g-tiple root of f(a, y) =0. If g=1, Theorem 7-1 tells 
us that there is a unique convergent expansion 


y= b+ o(% —a)+-:: 


which satisfies the equation f(x, y)=0. If g>1 the theorem gives no 
information. In this case f(x, y) can be expanded by Taylor’s formula 
in the form 


I(«, y) = A as(# am « a)*(y rae b)e, 
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and for «=a the term of lowest degree in y—b has exponent g. When 
the pairs (a, 8) belonging to the terms in f(x, y) are plotted on the 
aB-plane a polygon can be drawn, as illustrated in Figure 14-1, by ro- 
tating the y-axis counter-clockwise around the point (0, g) until it 


B 
(0, 9) 
(@, @:) 
(a,B) 
; (Q, B2) 
ee ae 
Fie. 14-1 


meets a first point (a, 8), then rotating about the lowest point (a:, 8:) 
on it until it meets a new point (a, 8), and so on. The polygon so formed 
is convex toward the origin and all the points (a, 8) belonging to terms 
of f(x, y) are on it or on the side of it opposite to the origin. 

Let (a1, 61) and (a2, B2) with 8, > 62 be the end-points of a side of 
the polygon, the points between them on the side being denoted by 
(a, 8) and the remaining points by (a’, 8’). Then 


f(x, y) = Aaw,(x — a)*(y — 81+ DS Aas(x — a)*(y — 0)? 
+ Agia (x — a)ee(y — b)82 + Do Aaa (x — a)*’(y — 6)*, 


where the two sums are taken in each case for all terms of the type indi- 
cated. Let ¢(w) denote the polynomial 


(14-1) b(u) = Ag,p,uhr 82 + D> Age ub-P2 + Aag,. 
The equation of the side in question may be written in the form 
(14-2) ra+sB8 =p 


where 7, s, p are positive integers and ¢ is prime to s. After the substi- 
tution 


(14: 3) x=at+?, y=6b+ tu 
the equation f=0 takes the form 


f(*, y) = t? | u82 o(u) + t (polynomial in ¢, «)} = t?g(t, u) = 0. 
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If cis a simple root of ¢(u) this equation is satisfied by a uniquely deter- 
mined series 


u=c+di+-:-:- 
according to Theorem 7-1. Hence the functions 
x=a+t, y=b-+ c+ die. 


satisfy f(x, y) =0 identically. If c is a multiple root of (uw) then the 
method described above must be re-applied to the polynomial g(t, w) 
at the point (¢, w) =(0, c). 

It will be proved in the next section that all of the expansions in 
fractional powers of x—a for the algebraic function y(x) can be secured 
by pursuing the following program: 

(1) Find the finite roots y=b of f(a, y) =0 and apply the above 
process to each of the pairs (a, 0) so determined. This will give all of 
the expansions for y(x) in fractional powers of «—a which have no 
terms with negative exponents. 

(2) According to Lemma 13-1 there can be expansions in powers 
of x—a having terms with negative exponents only if fo(a) =0. Suppose 
that fo(a)= --- =f,1(a) =0, f,(a) 40. To find the expansions set 
y=1/y’ and apply the method described above to the q-tiple root y’ =0 
of the polynomial g(a, y’) where g(x, y’) =y’" f(x, 1/y’). The reciprocals 
of these expansions for y’ are the expansions of y(x) which have poles 
at x=da. 

(3) To find the expansions at x=, set x=1/x’ and apply the 
processes described in (1) and (2) to the polynomial g(x’, y) =a’™ 
f(1/x’, y) at the point x’ =0. 


15. The polygon method gives all expansions. In simple numerical 
cases it will readily be found that the polygon method provides all of 
the expansions for an algebraic function y(«) at «=a, but it requires a 
proof to show that this will always be the case. The following theorems 
establish this result. 

Tueorem 15-1. After a finite number of transformations of the form 
x=a+t", y=b+tu a polynomial $(u), as in equation (14:1), will be 
reached which has only simple roots. 

To prove this it should be noted first that if c is a multiple root of 
order g, of ¢(u) so is we where w is an arbitrary r-th root of unity, since 
the exponents 6 —{: in ¢(w) all satisfy equations of the form r(a—as) 
+s(8—62) =0 with r prime to s, deducible from equation (14-2), and 
are consequently integral multiples of r. It follows readily that 


ar 
—_ 
On 
— 
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(1521) = pr— py = G3, 


where g is the multiplicity of the original root b. For successive trans- 
formations it follows then that 


GO a 001 = 11a =e Thirds =n 


and after a finite number of transformations the numbers; must all be 
unity and the numbers q; all be equal. 

Let us denote now by the original notations (a, 6) and f(x, y) a 
point and polynomial at which the stage just described has been 
reached. The transformation 


(15-2) x=at+t, y=b+ tu 


then gives a polynomial ¢(wz) with a single multiple root of order gq, 
since in (15-1) we have now r=1, gi=gq. It is easy to see in this case 
that the polygon for the root (a, b) has a single side with an equation 
of the form 


a+sB=p 


where p=sg, as shown in Figure 15-1, since if there were more sides the 
degree of ¢(w) would be less than g. By means of the equations 


flat, b+ tu) = tgit, u), 
fyla + é, b + tu) = tP-*g,(t, uw) = £-Deg (Eu), 
D(x) = Pf Of, = Pg Ore es, 


(0, q) 


(sq, 0) 
Fic. 15:1 


it is clear that D(x) has the factor ¢¢~-* = (x—a)-»s, and therefore at 
least the factor (w—a)*1. After each successive transformation (15-2) 
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it is seen that the discriminant D(x) will have a further factor (x—a)(a-b 

which is impossible unless g=1, since D(x) is a polynomial with a finite 

degree. Thus we see that after a finite number of transformations (14-3) 

a polynomial ¢(%) will be attained which has only a single simple root. 
THEOREM 15-2. The program described at the end of Section 14 will 

provide a complete set of non-equivalent branches, in the sense of Theorem 

13-1, defining the n distinct values of the algebraic function y(x) near x =a. 
If a branch 


(15-3) x=at+F, y=b6+)0"+..-- 


is provided by 'thé polygon method for a finite root y=b of f(a, y) =0 
after & transformations 


f= 0 +t, Y= bebe ata, 
bay = 1%, beg = OOS ttn, (4 = 2, eee) 


its exponents for the variable ¢=¢;, will have the values 


6 UN Bi Oe pe = Sife-*- Tp, 
pO = pd + sri ss rE (= Des ek): 


as one readily verifies. Such a branch is primitive in the sense of - 
Theorem 13-1 since the pairs 7;, s;, and hence also the numbers r, 
uw’, ---,u™, are relatively prime. 

The expansions (15-3) arising from different sides of the polygon for 
(a, b) in Figure 14-1 are distinct since the exponents u’/r=s,/7r, of the 
first terms in x—a are distinct for the different sides. The expansions 
provided by the same side but by different roots of the polynomial $() 
have unequal coefficients for these first terms. Hence after the first 
polygon for (a, b) has been constructed and the expansions for simple 
roots of the various polynomials ¢(u) determined, the number of dis- 
tinct expansions plus the orders of the multiple roots remaining to be 
considered is equal to the sum of the degrees of the polynomials $(u). 
This sum is equal to the multiplicity g of the root y=b of f(a, y) =0. 
If this is true after a finite number of polygons have been constructed it 
will similarly be true after one more polygon and its expansions cor- 
responding to simple roots have been determined. Since after a finite 
number of transformations all of the roots c become simple it follows 
that the number of distinct expansions provided by the root y=) is 
exactly equal to its multiplicity ¢. 

If the sum of the orders of the finite roots of f(a, y) =0 is v then the 
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argument of the preceding paragraph shows that the polygon method 
provides » distinct expansions (15-3) corresponding to these roots. Each 
of the expansions belongs to a cycle of a number 7 of expansions, satis- 
fying f(x, y) =0, equivalent in the sense of Theorem 13-1, and found by 
replacing ¢ by w‘t ({=0, 1, - - - , 7—1) in (15-3), where w is a primitive 
r-th root of unity. Every one of the expansions found by such a sub- 
stitution in one of the v expansions must belong to the set of vy expansions 
described above, since otherwise the number of distinct values of y(x) 
belonging to cycles corresponding to finite roots of f(a, y) would be 
greater than v. Each of the cycles is a primitive branch, and no two 
such branches are equivalent. 

The multiplicity of y= & asa root of f(a, y) must be n—v. After the 
transformation y=1/y’ the argument above shows that there are non- 
equivalent primitive branches providing precisely m—v distinct values 
of y’(x) near «=a. The reciprocals of these will be branches providing 
n—v distinct values of v(x). We know that they must be primitive 
branches for y(«) as well as for y’(x) since otherwise they could not de- 
fine distinct values for y(x). The conclusion of the theorem is thus justi- 
fied, since the branches for finite roots y=) cannot be equivalent to 
branches for y=. 


16. Special types of singular points. The variety of singular points 
possible for an algebraic curve is very great, and the expansions asso- 
ciated with one of them may be very numerous and complicated. There 
are a number of simple types, however, which are of frequent occurrence 
in special examples and whose expansions can be readily calculated. 

At a point (a, b) which satisfies f(a, vy) =0 let the expansion of f(x, y) 
be 

f(x, vy) = Ai(x — a) + Ani(y — 8) 
+ Ago(x — a)? + Ars(x — a)(y — 6) + Anoly — 8)? 
oc e 
= [x —o. i= b|, “fh [x =p b]. = ee 


where the bracket [x—a, y—b], is a symbol for the terms of degree k. 

A point (a, 6) with a simple vertical tangent is by definition one at 
which A190, An =0, AeX0. It isso called because if its co-ordinates 
were real the graph of the equation f(«, y) =O in the real xy-plane would 
have a single branch through (a, b) with a tangent at (a, 6) parallel to 
the y-axis. A k-liple point having tangents with distinct finite slopes is a 
point at which the expansion for f(x, y) has the form 
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f(x, 9) = [x — a,» — 3], + lx—a,y9—blait--- 


with the further property that the & roots uw; (i=1, - - - , k) of the poly- 
nomial [1, m], are finite and distinct. The tangents at such a point are 
the lines y—b=yu,(x—a). A double point with tangents having distinct 
finite slopes is the simplest case. A simple cusp with a tangent having a 
finite slope is a point (a, 6) at which 419=4Ao1=0, 420, and [1, me 
has a double root u for which [1, u];+0. 

THEOREM 16-1. A point (a, 6) on f(x, y) =0 with a simple vertical 
tangent is a vertex of a single cycle of two sheets at which the algebraic func- 
tion y(x) has an expansion of the form 


(16-1) Pe aes y=btott+af+t.--- 


where ¢:=|—A10/Aocs]"/. 

This can be readily verified by constructing the Newton polygon 
corresponding to (a, 6). The transformation for (16-1) is x=a+#, 
y=b+tu, and 


f(x,y) = P{ Aw + Aww? + tP(t,u)} = # g(t), 


where P(t, ~) is a symbol for a polynomial in ¢’and uw. For a value 
€:=(—A10/Ao2)'/? there is an expansion for uw in powers of ¢ giving a 
branch of the form (16-1). There is a second such expansion corre- 
sponding to —c,, but it is identical with the expansion found by changing 
t to —t in (16-1) since there are two and only two expansions for u in 
powers of ¢ satisfying the equation g(t, u) =0. 

THEOREM 16-2. A k-tiple point (a, b) having tangents with distinct 
finite slopes belongs to k cycles of one sheet each with expansions of the form 


(16-2) s=art+ti, y=b+pwitceft-:- (jee Lei se ne) 


where the constants u; are the k distinct finite roots of {1, m]x. 
If [1, m], has no root zero the Newton polygon has a single side 
giving the transformation 
x=a+t+l, y=b+U, 
f(x, y) = t*{ [1, w], + PC, u)} = thg(t, u). 


There are evidently & expansions for u in powers of f giving branches of 
the form (16-2). If [1, m], has a root equal to zero the polygon has 
two sides, but the resulting expansions have still the form (16-2). 
THEOREM 16-3. A simple cusp (a, b) with a tangent having a finite 
slope is a vertex of a single cycle of two sheets with an expansion of the form 
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(16-3) x=at+?, y=b+petoP+---, 


where p is the double root of {1, m]2 and v={—[1, w]s/Acz}?”. 
This result is found when A2.0 by two successive transformations 
or by direct substitution of 


x=at+F, y=b+ ut? + ub 
and subsequent determination of wu. When A2.=0 only a single substi- 
tution <=a+?, y=b+#u is necessary. 
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CHAPTER III 
RATIONAL FUNCTIONS 


17. Introduction. The three principal methods of attacking the 
theory of rational functions of the pairs of values («, y) which satisfy 
an algebraic equation f(«, y)=0 have been briefly described in the 
preface of this book. The arithmetic theory, in particular, is applicable 
without any preliminary transformation simplifying the singularities 
of the equation. The purpose of this chapter is an exposition of this 
theory which will lead as directly as possible to the fundamental 
theorems concerning the construction of rational functions with pre- 
scribed singularities, such as will be required in later chapters for the 
integrands of Abelian integrals of various types, and to the famous 
theorem of Riemann-Roch. The developments in Sections 18 and 19 are 
preliminary in character. In Sections 20 and 21 the important notions 
of a divisor and of its basis and multiples are presented, and in Section 
22 the very useful theory of the complementary basis is discussed. The 
remaining sections of the chapter contain the applications of these re- 
sults to the proofs of the theorems mentioned above and related topics. 


18. First properties of rational functions. Let f(x, y) be an irre- 
ducible polynomial in x and y and let n(x, y) be a rational function of x 
and y whose properties at the values (a, y) satisfying the equation f=0 
are to be studied. 

If n(x, y) is a polynomial in x and y it will either have f(«, y) as a 
factor, or else there will be only a finite number of values « for which 
n(x, y) and f(x, y) have common roots y, as one may see with the help 
of the corollary to Lemma 9-1. In the latter case the polynomial n(x, y) 
cannot vanish identically on any cycle P satisfying the equation f=0. 
At each such cycle it will have an expansion of the form 


(18-1) n(x, y) = ch +c’ +--- 

with coefficients c, c’, - - - not zero and exponents », v’, - - - positive 
or negative integers or zero, found by substituting the expressions (13 - 2) 
for x and y, or by substituting x =1/t and the corresponding expansion 
for y if the cycle P is at x= ©. There are only a finite number of cycles 
for which » is negative, since there are only a finite number where the 
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expansions for x and y in powers of ¢ have negative exponents. Further- 
more there can be only a finite number of cycles for which » is positive, 
since n(x, y) and f(x, y) have common roots y at only a finite number 
of values x. 

If n(x, y) is a quotient of two polynomials having no common factor 
we make the hypothesis once for all that the denominator does not have 
f(x, y) as a factor. Then with the help of the preceding paragraph we 
see that n(x, y) will either vanish identically on the cycles of f=0, if its 
numerator contains f(x, y) as a factor, or else it will have at each cycle 
P an expansion of the form (18-1). Furthermore there will in the latter 
case be only a finite number of cycles for which »#0. Such a cycle will 
be called a zero or pole of order v of y(x, y) when the exponent » is, 
respectively, positive or negative. 

There are two expressions associated with every rational function 
n(x, y) which are important for the developments of the following pages. 
These are the so-called norm and trace of n defined by the equations 


N(m) = n(%, ¥1) >> + ale, Ya)s 
Dn) = ney Vee oe he, Vals 


where y,, -- - , y, are the 7 roots of the equation f(«, y) =0 correspond- 
ing to the value x. The values n(x, v:) of » corresponding to the different 
values y; are called conjugate values of n. The norm and the trace are 
both representable as rational functions of x since they are symmetric in 
the roots 1, - - - , y, and therefore expressible rationally in terms of the 
coefficients of the powers of y in the equation f=0. 

By means of the norm we can prove the well-known and useful the- 
orem that the sum of the orders of a rational function n(x, y) is sero. The r 
values of n(x, y) corresponding to the r values of y defined by a cycle of 
the form (13-2) for a finite value x=a are found by substituting in the 
expansion (18-1) the 7 values of the root = (x—a)"". Since the product 
of these 7 values of n(x, y) occurs in the norm it follows that NV() has 
corresponding to each cycle P the factor (x—a)", and that its order at 
x =a is the sum of the orders v of n(x, y) at the cycles for x =a. Similar 
remarks hold of course for the cycles for which f= (1/x)!/". We know 
that the sum of the orders of a rational function of x is zero, this being 
true in particular for V(»), and the same result must therefore hold for 
the function 7(«, y). 

The residue of a function (a, y) at a cycle is defined to be the coeffi- 
cient of 1/tin the expansion for the product ndx/dt, or, what is the same 
thing, it is the value of the integral 
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1 { ae 
2QriJvJr dt 


taken around a circle I’ in the ¢plane with center at the origin /=0. 
Since when ¢ describes this circle once the value x=a-+?" describes r 
times a circle C about x=a in the x-plane it follows that the residue is 
also expressible as an integral 


1 
ae [n(x, v1) + --- + n(x, Yr) |dax 
271 Cc 
where \i,---, 9, are the ry values of y corresponding to the cycle. 
Evidently the residue at x=a 
1 
eas T(n)dx 
Qr1 Cc 


of the rational function of « designated by T(n) is the sum of the resi- 
dues of n(x, y) at the cycles corresponding to x =a. Since the sum of the 
residues of a rational function of x is zero we now have the result that 
the sum of the residues of a rational function n(x, y) ts also zero. 

If a rational function n(x, y) has no pole it must be a constant. For the 
symmetric functions of the conjugate values n(a, y,) are then all rational 
in x and everywhere finite, and hence by a well known theorem are equal 
to constants. Consequently the values n(x, yi) are the roots of a poly- 
nomial with constant coefficients. For some particular one, say 6, of 
these roots the different n(x, y) —8 must vanish at an infinity of cycles 
and, by the argument of a preceding paragraph, must contain f(x, y) 
as a factor. It follows readily that n(x, y) = at every cycle. 

A final remark concerning the expansions for the trace T'(7) will be 
helpful. The sum of the 7 values of n(x, y) defined for a cycle by the 
series (18-1) has an expansion beginning with the term 


Atow+towr+.--- + wl) ¢ 7, 


where w is a primitive 7-th root of unity. This is true because the 7 values 
of the root ¢ are exactly the values w*t (k=0,1,---,7—1). The value 
of the parenthesis is y when » is an integral multiple of 7, since then each 
term in it is unity, but zero otherwise since the sum of the roots of unity 
of every index is zero. If the quotient v/r for a particular cycle at x=a 
is smaller than the similar quotients for ali the other cycles corresponding to 
a =a, then the first term in the expansion of T'(n) in powers of (x—a) will 
have exactly the exponent v/r when this quotient is an integer, and a larger 
exponent when it is not an integer. 
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19. Bases for all rational functions. A set of functions 7:(x, y) 
(k=1,--+,n) iscalled a basis for the totality of rational functions n(x, y) 
if the determinant | ;(«, y;) | of their conjugate values is not identically 
zero at the cycles of f(a, y) =0. 

Tueorem 19-1. The values of a rational function n(x, y) at the cycles 
of f(x, v) =0 are expressible in terms of a basis in the form 


(1973) 4) = Ri(“)n1 a ioe ee vi RAE Gn; 


where the coefficients R,(x) are rational in x, and there is only one such ex- 
pression for 7. 

To prove this we notice in the first place that a function ¢(x, y) for 
which the traces 


T (Ex) ae Ge yi)nk( x, V1) =F hi aia Cle, Yn)nk(x, Yn) (k = ay Ce ans n) 


of the products (7, all vanish identically must itself be identically zero, 
since the determinant | 7;(x, y;) | does not vanish identically. Since the 
determinant | T(x) | =| n2(x, y,) |? is not identically zero the equations 


L(y as) = Ril ins) + RoT Gens) + + == + Ral (inns) (4=1,---,#) 


determine the coefficients Ri, - - - , R, uniquely as rational functions 
of « in such a way that the traces of the products (7; for the function 


C= 79 — Ka > Sia 


all vanish identically. Hence ¢ is identically zero and 7 is expressible 
uniquely as described in the theorem. 

It is clear that the determinant | T(ninx) | =| ne(x, y,) |? for a basis is 
symmetric in y;,---, y, and therefore rational in x. Since it is not 
identically zero, it can have only a finite number of poles and zeros. At 
all other values of x it is different from zero. 

If &, - + - , &, are expressible in terms of a basis in the form 


Ck = Riam is Pes a RenMn (k = Ee cea A 


then the determinant | ¢;(x, y,) | is the product of | Rix | and | ne(2, 93) 
and a necessary and sufficient condition that 6, - - - , ¢, form a basis is 
that the determinant | Rj, | of the rational functions R,,(#) be different 
from zero. 

A special case of a basis is the set of functions 1, y, - - - , y"~!. The 
determinant of the conjugates of these powers of y is the product of the 
differences of the roots y,(i=1, - - - , ), as is well known, and it can not 
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vanish identically since the roots of an irreducible polynomial f(x, y) are 
distinct except at special values of x. All other bases are obtainable from 
this one by linear transformations such as are described in the last para- 
graph. 

CoroLiary. A function n(P) which is single-valued and has no singu- 
larities except poles at the cycles P of an algebraic function is expressible 
as a rational function n(x, y) of x and y. 

When we say that (P) has no singularities except poles, we mean 
that its values are given on the cycles P by expansions of the form 
(18-1). The trace T(nn;) of the product of 7 by one of the functions 7; of 
a basis for rational functions is a rational function of x. For one may 
readily prove that it is single-valued and analytic at every point x=a 
or «= © except possibly at values of « corresponding to poles of 7 or ni. 
If x =a is a value corresponding to such a pole there is an integer m such 
that the product (x—a)” T(n7:) is bounded near x =a, and by Theorem 
5-2 it follows that T7(n7;) has at most a pole at x =a. A similar argument 
holds for x= x. We see then that T(n7:) is holomorphic in the whole 
x-plane except for poles, and by Theorem 6:3 it is rational in x. The 
proof of the last theorem now shows that 7 is expressible in the form 
(19-1) and hence is rational in x and y. 


_ 20. Divisors and their bases. If P;, - - - , P; are symbols for distinct 
cycles of an algebraic function and jy, - - - , ws a corresponding set of 
positive or negative integers, then the symbol 0= Py" - - - P."* is called 
a divisor, and the sum g=m1+ -- - +yeis called the order of the divisor. 
Such a divisor is not to be interpreted as a product of expansions. It 
is merely a symbol used to designate a set of cycles or places P; with a 
corresponding set of orders p,. A rational function n(x, y) is a multiple of 
the divisor Q if its order at each cycle P; is greater than or equal to px, 
and if its orders at all other cycles of the algebraic function are greater 
than or equal to zero. The problem of determining the multiples of a 
divisor and their properties is a fundamental one for the theory of alge- 
braic functions, as we shall see in the following pages. When it has been 
solved the determination of the Abelian integrals of various types as- 
sociated with the algebraic function, and the proof of the important 
Riemann-Roch Theorem, are relatively simple matters. 

Asa preliminary to the determination of the multiples of a divisor Q 
we may study those rational functions 4(x, y) which have the properties 
of multiples except at the cycles corresponding to x= where no re- 
striction whatever is now placed upon their behavior. A function of this 
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sort is called a multiple of Q except at infinity, and the totality of such 
functions constitute the ideal of 0 which may be denoted by the symbol 
I(Q). In the determination of such an ideal only the places of Q which 
correspond to finite values x=, have any effect, and we may without 
loss of generality suppose that Q contains only such places. 

A basis for the divisor Q is a basis whose elements m1, - - - , 7» are mul- 
tiples of Q except at infinity, and which has the further property that 
the totality of such multiples is identical with the totality of functions 
n(x, y) expressible in the form 


0s1) nee V) = Bene > = Be 


where the coefficients g,(*) are polynomials. 

It is not a priori evident that there will be a basis with these proper- 
ties for every divisor Q, and one of our first tasks will be to prove that 
such a basis exists. Before attempting the proof, however, it will be use- 
ful to deduce a characteristic property of such a basis. To do this let us 
consider a finite value x) where the algebraic function y(x) has three 
cycles A, B, C providing, respectively, a, b, c values for y(x), and at 
which the orders required by Q are X, u, v. The methods to be used 
would be quite analogous if there were more or fewer than three cycles 
for x=», but the notations would be more complicated. 

If a basis m, -- - , 7. has its elements all multiples of Q except at 
infinity then the expansions for 7, at the three places over x» will have 
the forms 


at A : he) gl ae SH Ogee t= Be 
at B: nk = Brott +--+ + Beyatete tt... , 
atC : UT ee fies ees cag y oe ai ara ae 
The determinant 

10 whi An 
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A= 
Bip—1 ria ee 
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has numerous applications in the following pages and will be referred to 
always as the determinant A for the basis m, - - - , 7, at the value x=2». 
It is clear that an analogous determinant can be constructed for every 
finite value x) no matter how many cycles the algebraic function y(«) 
may have corresponding to it. We can now prove the following theorem: 

THEOREM 20-1. A necessary and sufficient condition that a selm, ---, 
nn of multiples of Q except at x= be a basis for the divisor QO is that at 
every finite value x their determinant A be different from zero. 

To prove the necessity of this condition suppose that the deter- 
minant A is equal to zero at a value x for a set m, - - - , 7» of multiples 
of Q except at infinity. Then there is a set of constants Ci,---, Cr 
satisfying the linear equations whose coefficients are the rows of A, and 
the numerator of the function 


— Cim + + Catin 


Lip 


7 


has orders at least equal to \+a, w+, v+c at the cycles A, B, C, while 
the denominator has orders a, b, c. Hence 7 is a multiple of Q except at 
infinity, not expressible in the form (20-1), and m, - - - , 7, cannot bea 
basis for Q. 

The condition is also sufficient. For in the first place a set of func- 
tions m, - - - , n» having the property of the theorem necessarily has its 
determinant | 7,(x, y:) | not identically zero, because at a non-singular 
value x) having m cycles distinct from those of Q the determinant 
| n(x, y:) | is exactly the determinant A and therefore different from zero 
by hypothesis. Every function 4(«, y) is therefore expressible in terms of 
m, ° °° Mm With rational coefficients and may be written in the form 


ee eer Sn(X)1In 
- d(x) 


7] 


where gi(x), ~~ , gn(x), d(x) are polynomials having no common factor. 
When a function 7 is a multiple of Q except at x= the denominator 
d(x) must be a constant. For in case d(«) =(x—2»)di(«) the first two 
terms in the equation 


iL X) — Sil Xo gi(Xo) 
d\(x)n = SD ae s: x sale a Ni 


Ke LG x= Xs 


would be multiples of Q and hence also the last term. But since the de- 
terminant A is different from zero at x =p it follows readily that the last 
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term would surely have a lower order than that prescribed by Q at one 
at least of the places over x=%0, which is a contradiction. Hence the 
denominator d(x) has no factor x—x» and is constant. Every multiple 
n(x, y) of Q except at infinity is therefore surely expressible in the form 
(20-1). 

With the help of the last theorem we may proceed to the proof that 
there is a basis for every divisor Q. In the first place it is evident thata 
function (x, y) which is not a multiple of Q except at infinity can be 
made into one by multiplying it by a polynomial in x. For if n(x, y) is 
multiplied by a sufficiently high power of x — x) the orders of the product 
at the cycles corresponding to x) may be made to exceed those required 
by Q. It is clear from this remark that a basis m, - - - , 7, can always be 
easily made over into one whose functions are all multiples of Q except 
at infinity, 

If a basis m, - - - , m has its functions all multiples of Q except at 
infinity then the order of the determinant | n(x, Vi) | at a value xp is 
surely not less than the sum of the orders required by Q at the cycles 
corresponding to xo. For if at such a cycle Q requires the expansion of 
its multiples to begin with a term in (*—.»)#’", then r rows of the deter- 
minant | .(x, yi) | will have the factor (#—2))#!" in each element and 
the determinant itself will have at least the factor (~—.)#. The theorem 
which we wish to prove with the help of these remarks is now the follow- 
ing one: 

THEOREM 20:2. For every divisor Q there exists a basis m1, - ++, Nn 
such that the totality of multiples of Q except at infinity is identical with the 
totality of functions expressible in the form 


n(x, y) = gi(x)ni “is ie ais 4h £n(X) nn 


where the coefficients gi(x) are polynomials in x. 

To prove this, suppose that m1, - - - , 7, isa basis of functions each of 
which is a multiple of Q except at infinity. If it is not a basis for Q, there 
will be a value x at which its determinant A vanishes. Let Ci, - - + , Cy 
be constants satisfying the linear equations whose coefficients are the 
rows of A, and suppose that C; is one of them which is different from 
zero. Then the set of functions 


Cym = Says a7 O25 


Nip °° * » Nk-1, ) Wk+1, °° * 9 Mn 
X= NG 


is also a basis with elements multiples of Q except at infinity, and the 
determinant of its conjugates is that of the original basis multiplied by 
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C,./(x—xo). Furthermore A+0 for the new basis wherever it was so 
for the old one. If A for the new basis still vanishes at xo, this process 
may be repeated. It can be repeated a finite number of times only, 
however, before reaching a basis for which A is different from zero, 
since after each repetition the order of the determinant | 7.(x, y,) | at 
x =X is decreased by unity, and we have seen just preceding Theorem 
20-2 that for a basis of multiples of Q except at infinity the order of 
this determinant at x =x) has a minimum. If A has been made different 
from zero at all the values a» corresponding to places in Q or branch 
places and at the places where the determinant of the conjugates of the 
basis originally vanished, then the basis will have A¥0 at every x 
and will be a basis for 0. We know that there are only a finite number 
of values x») at which such alterations must be made since Q has only 
a finite number of factors and the square of the determinant of conju- 
gates is a rational function of x and has only a finite number of zeros. 


21. Multiples of a divisor. We have seen in Section 19 that a basis 
m, °°, Nn for the totality of rational functions n(x, y) can be trans- 
formed into an equivalent basis 1, -- - , ¢, by a linear transformation 
of the form 


(21-1) fe= e171 * * a Lanta (k= 1,---,n) 


in which the coefficients g,;; are rational in x and have a determinant not 
identically zero. A similar relationship can be established for every pair 
of bases for a divisor Q, as indicated in the following theorem: 

THEOREM 21-1. Jf m, +--+, 7, 1s a basis for a divisor Q then a neces- 
sary and sufficient condition for 1, > - » , Gn to be also such a basis is that 
G1, °°, &n be expressible in the form (21-1) with coefficients gii(x) poly- 
nomials in x and with a determinant | gui | equal to a constant different from 
Zero. 

We know that if ¢, - - - , ¢, is to be a basis for Q its functions must 
be multiples of Q except at x= and hence uniquely expressible in 
terms of m, ---, 7, with polynomial coefficients g;:, since every such 
multiple is so expressible. Similarly m, - - - , mn must be expressible in 
terms of 1, - - - , ¢, with polynomial coefficients 4,1. The determinants 
| ger | and | f,,| are both polynomials in « and their product is unity. 
Hence both must be constants. Conversely one may easily see that a set 
of functions %,---, ¢n related to m,-:-+,%, as described in the 
theorem will surely be a basis for Q, so that the theorem is completely 
established. 
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In our application of the transformation of bases of a divisor Q 
described in the last theorem we shall find it convenient to have first 
applied a simple transformation of the form #;=1/(*—a), where x=a 
is a non-singular point of the algebraic function belonging to none of 
the places of Q. After such a transformation each cycle at «;= © has but 
a single sheet. Furthermore a multiple n(x, y) of Q before the trans- 
formation will still be a multiple of Q. For the transformation takes 
x=a into x;=a,=1/(a—a), and is equivalent to 


: { ei = ay 
oe a= = (e— 0) / ae, = — Graal — — _—_ + eS 
ay 
Hence the variables t=(x—a)"/" and t;=(a:—a;)'/" are related by an 
equation 


t= ti(— a) — ty" /ray +... ye 


By substitution of this value for ¢t we see that each branch (13-2) goes 
over into a branch of the form 


y= ay +h’, y = by" + - >: 


at which the expansion for n(x, y) analogous to (18-1) retains the initial 
exponent v, and that a multiple n(«, y) of a divisor Q will retain this 
property after the transformation. In the remaining sections of this 
chapter we shall suppose that such a transformation has already been 
made, so that the expansions of a rational function n(x, y) at x= © con- 
tain only integral powers of 1/x and so that none of the places over 
x= belongs to Q. 

By means of the transformations described in Theorem 21-1 bases 
for Q can be found which have special properties of great assistance in 
the proofs which we shall discuss in this and the following sections. We 
may define the column order of a function n(x, y) at x= as the mini- 
mum of the exponents in its m expansions at the cycles for x= ©. If the 


column orders of the functions of a basis m1, - - - , y, for Q are the num- 
bers r,(k=1, --- , m), then the conjugates of these functions will have 


at x= 00 expansions of the form 
1\r% 
(21-2) n(x, yi) Stes cu(—) + Se! (ts k= il. tng n), 


where one at least of each set Cy,, -- + , Cuz is different from zero. A 
basis for Q is said to be normal at x= if the determinant | Ci, | is dif- 
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ferent from zero. It is evident that for such a basis the order of the de- 
terminant | ,(x, yi) | at x= isexactly 7,4 --- +r,. 

THEOREM 21-2. For every divisor Q there exists a basis m,-+-, Mn 
which is normal at x= © .When expressed in terms of sucha basis a multiple 


(21-3) n(x, ¥) = gi(x)ni +--+ ga(x)an 


of Q except at x= % has its column order at x = ~ the smallest of the num- 
bers r.—pi(R=1, - - +, m) where r; is the column order of nx and x is the 
degree of the polynomial g,(x). 

To establish these statements let us order the functions m, - - - , mn 
of an arbitrarily selected basis for Q so that their column orders satisfy 
the inequalities r,2r2= --- =r,. If the determinant | C;,| of coeffi- 
cients from the expansions (21-2) is equal to zero there will exist con- 
stants Ci,---, C, not all zero satisfying the linear equations whose 
coefficients are the rows-of this determinant. Let C;, be the last one 
which is different from zero. Then the basis m,---, me-1, #5 Net, 

-- +, Mn, With 


ne = Cyx yy + -- > + Cex ge + Ci oe, 


is also a basis for V, by Theorem 21-1, and has the same column orders 
except that the order r/ for n/ is at least one greater than 7;. If the new 
basis is not normal at «= x the process can be repeated. It can be re- 
peated only a finite number of times before attaining a normal basis, 
however, since at each step the sum of the column orders of the basis is 
increased by at least unity, and this sum is at most equal to the order 
at x= ~~ of the determinant of the conjugates of the basis, which is un- 
changed by the transformation. 

Let uw be the smallest of the numbers 7; —y, for the function n(a, y) 
in (21-3), after the basis has been made normal, so that r,;—pi2y 
(k=1,---,n). Then the degree yu, of the coefficient g;,(x) satisfies the 
inequality —y.,2u—r,, and g(x) has at «= % an expansion of the form 


IL U—-Tk 
OR AC meena 
x 


At least one of the coefficients c; is different from zero. The expansions 
of the function (21-3) at the cycles for v= © have from (21-2) the form 


LN ee ve 
ns 0) is (=) 2 Cinc ae pe = 1, ae) n), 
k 


x 
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and one at least of the coefficients of (1/x)# is necessarily different from 
zero since the determinant | C;,| is not zero. The column order of 7 is 
therefore wy. 

So far we have considered only “multiples of a divisor Q except at 
x=,” whose usefulness is of an auxiliary sort. The multiples which 
are of greater importance are those which have orders greater than or 
equal to the orders prescribed by Q at every cycle whatsoever of the 
algebraic function y(«), including those at x= «. It is evident that some 
divisors will have no multiples, an example being a divisor Q which has 
positive but no negative exponents. A multiple n(x, y) of such a divisor 
would necessarily have all of its orders greater than or equal to zero, 
and the sum of the orders of 7 could not be equal to zero as we know it 
must be. The following theorem describes the character and the number 
of the multiples of a divisor Q. 

THEOREM 21-3. Jf a divisor O has a multiple, it has a set oi(x,y),- ~~: , 
a,(x, y) of linearly independent ones such that every multiple of Q is ex- 
pressible in the form 


€ = 60) 9 ** -- Go, 


with constant coefficients. If Q has no cycles at infinity and if m1, - - - , nis 
a basis for Q normal at x= ©, with column orders r;. such that 


(21-4) inte swig oor Nay ee et 
then the number v of linearly independent multiples of Q is 
pS (tebe cio eet be 


When m, > - - , mis a basis for Q with the properties presupposed in 
the theorem the function 


nm = gilx)nr t+: + gn(X)nn 


will be a multiple of Q at all cycles, including those at x = ©, if and only 
if its column order at «= is greater than or equal to zero. According 
to Theorem 21-2 this can never be so if all of the column orders 7; are 
negative, since then all the numbers r;,—y, are negative, and in this 
case the divisor Q has no multiples. When some of the column orders 
are positive, as indicated in the arrangement (21-4), the function 7 will 
have its column order greater than or equal to zero at «= ~, according 
to Theorem 21-2, if and only if it is expressible in the form 


(215) n = gi(x)mi +--+ + g(x) ns 
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with r;—, 20 for each coefficient g,(x) (R=1, - - - , s). It is clear from 
this remark that the degree u; of each g;(x) can be r, but no greater. 
The functions 


M1; x1, oe 6 oe ‘ x1, AY he RY ; Men XN, ry ates F ans 


therefore constitute a set of multiples of Q in terms of which all such 
multiples are expressible linearly with constant cvefficients, and their 
number » is that given in the theorem. They are linearly independent 
since no linear expression of the form (21-5) can vanish identically when 
the determinant |7,(x, y,) | is different from zero. This completes the 
proof of the theorem. We can infer in a similar manner the truth of the 
following useful corollary. 

Corotiary. Let D be the divisor which is the product of the cycles at 
x= 0, and let QD be a divisor having no cycles atx=o.If m, +++, nis a 
basis for Q normal at x= ~ and having there the column orders indicated 
in the arrangement (21-4) then the number of multiples of the divisor DQ is 
y=n+ --- +r,. Furthermore if 


i EE EO RS ee DY aig, Pe A 
then the number of multiples of D?Q is 
(21-6) Pie a omg 1M eM ty ah Cs aan 


The proof of the first part of the corollary is like that of the theorem 
except that the degree of each g;(«) in the expression (21-5) can now 
not exceed r;—1 if we wish n(x, y) to have a zero of order one at least 
at each cycle for x=. 

Similarly the multiples of D’Q are the multiples of Q which have zeros 
of order two at least at the cycles for x= 2%. By an argument similar 
to the one just made it follows that these multiples are the functions 


Ul SS gi(x)ni Tote ae gelx)ne 


for which each polynomial g;(x) (k=1, - - - , t) has degree at most equal 
to r,—2. Hence their number is the number » of the corollary. 

It is not always easy to compute the number of linearly independent 
multiples of a divisor from the criteria given in the theorem above and 
its corollary, but we shall see that in a number of important cases this 
computation can be readily made with the help of the next theorem. Let 
the values of x corresponding to the cycles of a divisor Q= Py" - - - P,ts 
be the finite values 1, - - - , #- Then the ideal norm of the divisor Q is 
defined to be the product 
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If a divisor has cycles at x= © they are neglected in forming the ideal 
norm, but otherwise the definition is the same. 

We have seen in Section 13 that there are only a finite number of 
cycles for the algebraic function y(x) at which r>1. Such a cycle will 
be called a branch cycle. The divisor of the branch cycles is defined to be 
the divisor X =IIP’—', where P is a branch cycle and 7 the number of 
roots y; of the equation f(x, y) =0 furnished by it, and the product is 
taken for all of the branch cycles. With the help of these notations the 
theorem now to be proved is as follows: 

THEOREM 21-4. For every basis m, -- +, nn of a divisor Q we have 


| na(x, ys) |2 = eN(Q)2N(X) 


where c is a constant factor. 

It is clear that the power of a factor x —x» which occurs in the deter- 
minant |n,(x, y:) | is the same for all bases of Q since for two equivalent 
bases the values of this determinant differ only by a constant factor 


(Theorem 21-1). Let us suppose therefore that the basis m1, - - - , 7, has 
already been prepared by a linear transformation (21-1) with constant 
coefficients g;; so that the determinant A for m, - - - , 7, at x=2p is the 


identity determinant. For the illustrative case used above, in which 
there are three cycles corresponding to x =o, the following table then 
indicates the exponents of the lowest powers of (x—.x») in the expan- 
sions of the elements of the determinant | 7,(x, y,;) | at the three cycles. 
Out of each of the first a rows we may take the factor (x—.29)*/7, and out 
of the a—1 columns following the first the factor («—xo) raised to the 
power 1/a+ --~-+(a—1)/a. Hence in all we have from these rows and 
columns the factor (v—.») raised to the power \+(a—1)/2. A similar 
process applied to the two remaining principal minors indicated in the 
diagram gives for the squared determinant | ,(«, y;) |? the factor (x —x9) 
raised to the power 


2Nb ae edd te Ae SL a heh 


which is exactly the power of (x—«») occurring in the product N(Q)? 
N(X). The same method of proof applies when there are more or fewer 
than three cycles at x=». 

If we can show that, after the power of (#—. ) described above has 
been removed, the constant term in the expansion for | nex, yi) | is 
different from zero, we shall have proved our theorem, for then the 
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zeros and poles in the finite x-plane of the two rational functions 
| ne(x, ys) and N(Q)? N(X) are identical, and these two can differ only 


by a constant factor. When we set «=, in the determinant | ne(x, Vi) 


deprived of the factors (w—x») as described, the three principal minors 
in the squares indicated in the diagram are the only ones which remain. 
The first one of these, for example, is 


wy (a— 


1)A 


q@ (4-1) AFL) 


1 


qwrta-l 


w(@-) (A+a—1) 
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where w is a primitive a-th root of unity, and it is different from zero 
since no two of the roots wt* (k=0, 1, -- - , a—1) are equal. A similar 
argument applies to the other minors, and the theorem is therefore 
proved. 
As an immediate consequence of the preceding theorems we have 
CoROLLARY 1. For every basis m, +--+, nn of a divisor Q normal at 
x= the equation 


g 


7) 
= 0 
Ly 


(21-7) AR 6° ety ge 


is true, where the integers r;, are the column orders of the basis at x=~, 
qg ts the order of the divisor Q, and w the order of the divisor X of the branch 
places. 

To prove the corollary we note first that the order at x= = of the 
determinant | (x, y;) |? for a basis normal at infinity is 2(m+ - - - 
+r,), as has been remarked above in the paragraph just preceding The- 
orem 21-2. According to the last theorem the sum of the orders of 
| ne(w, vs) |? at finite values of x is the same as that of the product 
N(Q)?N(X) which we know to be 2¢g+w. The equation (21-7) then 
expresses the known fact that the sum of all the orders of the rational 
function | z(«, y;) |? is zero. 

CoROLiARY 2. The number 


Ww 
(21-8) ae ta fae ae 
which is called the genus of the algebraic function defined by the equation 
f(x, vy) =0, is always a positive integer or zero. 

It is evident from the equation (21-7) that w/2 is an integer and 
hence that the number / in the last corollary is an integer. To prove 
that it is not negative consider a basis m, - - - , 7, normal at x= for 
the particular divisor 0 = 1. This basis must have all of its column orders 
r1,°*+,%, at x= zero or negative since no rational function can have 
positive orders at all cycles at x= and no negative ones elsewhere. 
One at least of the column orders must be zero since otherwise the 
column order of the function 


n= gilx)ni t+ + + gn(e)nn 


would always be negative (Theorem 21-2), and this is impossible since 
the function »(*, y)=constant is certainly a multiple of the divisor 
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Q=1. On the other hand, two of the numbers 7, - - - , 7, could not be 
zero since then both of the corresponding functions of the basis would 
have no singularities and would be constants, and they would not be 
linearly independent. Since now 7, =0 while all other integers rz, - - - , 7n 
are negative, it follows with the help of equation (21-7), since the order 
of the divisor Q =1 is g=0, that 


p= : eh a ee te OS 
22. Complementary bases. A basis (1, - + - , &, is said to be comple- 
mentary to the basis m, - - - , 7, if the traces of the products of the func- 
tions composing the two bases satisfy the relations 


(22-1) T(nitx) = 1, T(nz61) = 0 (k #1). 
We have seen in Section 19 that the coefficients R;, for the function 
FSi he > to Kain 
will be uniquely determined when the traces 
T (nif) = RiT(nem) +--+ +> + RaT (ni) es) 


are assigned. It follows readily that the functions ¢; of a basis comple- 
mentary to m, ---: , 7, are uniquely determined, and that the relation 
between the two bases is a reciprocal one. 

THEOREM 22-1. If a basis m, - + - , yn, ts normal atx= 2 with column 
orders 11, ~~ - , fn, then its complementary basis (1, - - + , €, 4s also normal 
at x= x and has the column orders —r1,- + - , —Tn. 

Let us denote the column orders which are to be determined for the 
basis G1, °° +, on, DY 1, °° +, Sn, and let d;, be the matrix of coefficients 
for this basis corresponding to the matrix C;;, in equation (21-2) for the 
original basis. Then at « =» we have the expansion 


1\rits% 2 
T(nikk) = (—) DC iid ix nr eas 
4 fat 
These expansions must vanish identically when 7~k and be identically 
equal to 1 when z=, on account of the relations (22-1). Since the deter- 
minant | C;,| is different from zero, and since the constants dj, (j=1, 
- ,) fora fixed k are not all zero, it follows that the relations 


Cdn = 0 (1 # k), DEC nd ix = 1, rk + St = 0 


j=1 j=1 
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must hold. We see that s,=—r;, and that the determinant | d;,| is 
different from zero since it is, except for interchange of rows and col- 
umns, the reciprocal of | C5 fe 

THEOREM 22:2. 7 f m,- +: , 7, ts a basis for a divisor Q, then its com- 
plementary basis (1, - ~~, §n is a basis for the divisor R defined by the 
equation ORX =1, in which X is the divisor of the branch places. 

To prove this consider again the illustrative case of a value x =x 9 
having three cycles A, B, C providing, respectively, a, 6, ¢ roots of 
f(x, y)=0. The argument to be made would be quite similar if there 
were more or fewer than three places. At the three cycles A, B, C, 
respectively, let A, u, v be the orders of Q and X’, uw’, v’ be the minima of 
the orders of the functions of the complementary basis (1, - - - , fn. To 
prove the theorem we may prove first that \’, u’, v’ are the orders of the 
divisor R at the cycles A, B, C, by establishing the relations 


OF DN EN +e 1 S60, pte ee StH Pee eet ae 


and second that the determinant A of Section 20 formed with respect 
to the divisor R for the set (1, - - - , &, cannot be zero. 
We suppose the notations for the cycles 4, B, C so chosen that 


O23) (A+2)/a S (ut w/b S W+r')/c. 


It will be simpler if we assume that the first of the relations (22.2) is 
true and prove the second, since the proof of the first requires similar 
but fewer arguments. Consider now two functions 


qQ = Uni + + * +E tata; © =aiGr ae Ua 


for which the coefficients u;, 7; are constants. Since the determinant A 
of Section 20 is different from zero at the value x) it follows that when a 
number / of the set 0, 1, - - - , )—1 has been selected arbitrarily, the 
coefficients #; can be determined so that the function 7 has at A, B, C, 
respectively, the expansions 


7 = : a(x — xp)/eti ft... 
n = (4% — Xo) HTD + Ble — wp)e/etl +... , 
= yf Cate fais Ne Das 


The coefficients 7; can then be selected so that ¢ has orders exactly \’, 
pu’, v' at A, B, C, respectively, and so that 


(22-4) T(nf) = Udy + +++ + tat, € 0. 
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With the help of the first equation (22-2) it is clear that the smallest 
exponents possible for the expansions of the product n¢ at A, B, C are 
then 


QO +rA/eti=t/e, (Wtutb/, 6 +r)/e+1. 


If the first of these were the smallest the trace T(n¢) would have to 
vanish at «=», contrary to (22-4). The second is less than the third, 
by (22-3), and hence must be the smallest. Since T(n¢) is a constant 
different from zero it follows from the last paragraph of Section 18 that 
(u’+u+h)/b must be negative when it is a fraction and zero when it is 
an integer. We see readily then that the largest of the values (u’+u 
+h)/b for h=0, 1,---,6—1 must be zero, and the second relation 
(22-2) is therefore proved. The proofs of the other two are similar. 
We can prove that at the value x) the determinant A of Section 20 

formed with respect to the divisor R for the basis (1,---, ¢, can not 
be zero. For if it had this value, constants v, not all zero could be 
selected so that at A, B, C the function ¢ would have, respectively, the 
expansions 

f=a'(x — x)iP/e+---, 

t= Bi (x — Xp)ite b+... : 

f= 7'(x — x) tertle te 


Since for every choice of the constants u, the orders of 7 at the cycles . 
A, B, C are at least \, u, v, the exponents of the terms in T(nf) would 
then all be greater than zero, on account of the relations (22-2). The 
trace (22-4) would be zero for every choice of the constants #,, which is 


impossible. 
Since the above reasoning applies at every finite value xy it follows 
that (1, -- - , ¢, isa basis for the divisor R, as stated in the theorem. 


As a first application of the properties of the complementary basis 
we may establish formulas for the number of multiples of divisors of the 
form D?/(P, - - - P,X) which will be of service in a later section. Let 
m,-°-, n be a basis for the divisor Q=1/(P,--- P,X), normal at 
x= and with column orders 


(22-5) aT ee pee eG ee Wa eI rie 
Since the order of Q is g= —(u+w), the formula (21-7) gives the rela- 


tion 


Ww 
(22-6) tae oe ee oes Cr) ote, — 0. 
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The basis (1, - - - , ¢, complementary to 71, - - - , 7. is a basis for the di- 
visor R=1/XOQ=P,---P, and has at x= the column orders —/n, 

. , —r,. Each of the functions ¢, must have a negative column order 
at x= since each has zeros at the cycles P;, - - - , P, and must there- 
fore have some poles at infinite places which are the only places where 
such poles are possible. The numbers 7; are therefore all positive, and 
those following 7; in the arrangement (22-5) are unity. Formula (22-6) 
and the equation (21-6) therefore give 


Pe Wo G1) => at u= pte t 
as the number of multiples of D?/(P, - - - P,X). When no cycles P,, 
-..+, P, are present, we have R=1 and it follows from the argument 
of the last paragraph of Section 21 that 7, =0, while the other column 
orders are positive. Hence we now have, from formulas (21-6) and 
(2276) with 7 =0, 
w 
vy = (ry — 1) + el ke 8 og oe eli a 

as the number of multiples of D?/X. This proves the following theorem: 

THEOREM 22-3. Let D be the divisor whose factors are the cycles at 
x= 00, X the divisor of the branch cycles, and P,,---, P, arbitrarily 
chosen cycles. Then the number of linearly independent multiples of the 
divisor D?/X is exactly v=p, and the number for D?/(P,---P,X) 
(u=1) isv=ptu-1. 


23. The invariant property of the genus number. If the poles and 
zeros of a rational function n(x, y) are at the cycles P;,---,P, and 
have the orders mi, - - - , us, then the divisor 0, =P" - - - P.“sis called 
the divisor of n. Since the sum of the orders of a rational function is al- 
ways zero, it follows that the order of the divisor Q, must be zero. 
Conversely one might expect that there would be a rational function 
corresponding in this way to every divisor Q of order zero, but this is not 
always the case. It is true in the case of functions of a single variable x 
which may be regarded as rational functions of the algebraic function 
defined by the equation y—x=0. For we can easily construct out of 
factors of the type (x—x»)* a rational function of x with arbitrarily 
prescribed poles and zeros in the complex x-plane, provided only that 
the sum of the orders of these poles and zeros is zero. But for rational 
functions n(«, y) of a more general algebraic function no such simple 
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construction is possible, and it may be that for some divisors of order 
zero no corresponding rational function exists. 

Some of the factors in Q, have positive exponents and some nega- 
tive. We may agree to denote the product of those with positive ex- 
ponents by ,, and may express the divisor in the form Q,=N,,/D,, 
where the meaning of D, is evident. At every cycle of a factor P* of the 
denominator D, the expansions (18-1) for the rational function 7 and 
its derivative have the forms 

8 d fo“! 


(23-1) y= — bees, — = — aB— 
Ve dt {24 


where 6 is a constant different from zero. At other cycles these expan- 
sions have the form 

dn 
(23-2) n=at+6r+-.-, a= ABP k a he 

dt 
where 6 is again different from zero and a a constant which vanishes at 
the factors of V, but not elsewhere. A cycle P of either type is called 
a branch cycle for n(x, y) if a#1. The divisor of the branch cycles for n is 
defined to be X,=I/P*", where the product is taken for all the branch 
cycles P of n. We may for convenience denote the orders of X, and D, by 
w, and m,, respectively. For the function 7=x, the notations which 
have just been introduced give the special cases X,, Dz, wz, mz; which 
have been denoted in the preceding pages by X, D, w, n. 

THEOREM 23-1. The divisor whose orders are identical with those of the 
derivative dn/dt at the various cycles of an algebraic function is X,/D,”. 
The order w,—2n, of this divisor is the same for all rational functions n. 

The first part of the theorem is evident after an examination of the 
exponents in the expressions (23-1) and(23-2) for dy/dt. To prove the 
second part we notice that, by elimination of y from the two equations 


Ui] — Lea y); f(x, y) a 0, 


a relation ¢(x, 7) =0 can always be found in which ¢(x, 7) is a poly- 
nomial. Since all of the expansions for x and 7 satisfy this equation 
identically it follows that 


dn (* =“) dx 
dt - Ox On/ dt . 
which shows that at every cycle the order of dn/dt is the sum of the 
order of a rational function of x, y and the order of dx/dt. The divisor 
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of dn/dt is therefore the product of the divisor of dx/dt by that of a ra- 
tional function, and the orders of the divisors of dn/dt and dx/dt are 
therefore always equal. 

As a result of the invariance of the expression w, —2n,, we see that 
the genus of our algebraic function is also expressible in the form 


p= 20, —% +1, 


since, according to Theorem 23-1, this number will have the same value 
no matter what rational function n(x, y) is used in its computation. 
From Corollary 2 at the end of Section 21 we know that p is always a 
positive integer or zero and hence that w,/2 is always an integer. 


24. Construction of elementary integrals. Integrals of the form 


I= fone y)dx, 


where n(x, y) is a rational function of x and y, are the so-called Abelian 
integrals associated with the algebraic equation f(x, y) =0. They play 
a most important and interesting role in the theory of the algebraic 
functions defined by such equations. If we write such an integral in the 


form 
dx 
I= fone yy — ad 
dt 


and substitute the expansions of » and dx/dt, it is evident that at each 
cycle the value of the integral will be expressible in terms of ¢ by means 
of a series of the form 


y. ahs 
(24-1) Sa Pre bth Ale ee 


If the series has no logarithmic term or terms with negative exponents, 
the cycle is called an ordinary cycle for the integral; if terms with nega- 
tive exponents are present but no logarithmic term, it is a pole; if a 
logarithmic term is present, it is a logarithmic singularity. Integrals 
which have no singularities are called integrals of the first kind; those 
which have poles but no logarithmic singularities are of the second kind; 
while those with logarithmic singularities are of the third kind. 

All integrals of the first kind may be thought of as elementary in- 
tegrals, but an integral of the second kind is called an elementary in- 
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tegral only when it has no singularity except a single pole with an ex- 
pansion of the form 


1 
ih get 


An integral of the third kind is an elementary integral if it has only two 
singularities at which its expansions are 


lozi+A,+At+-:---, —log i+ B+ Bt+---. 


The coefficient A in the expansion (24-1) is a residue of the function 
n(x, y) and we have found in Section 18 that for every such function the 
sum of the residues is zero. We see then that the elementary integral 
of the third kind is as simple as one could hope to find, since every such 
integral must have at least two logarithmic singularities. 

We shall see presently that every Abelian integral whatsoever is 
expressible as a sum of elementary integrals of the first, second, and 
third kinds multiplied by constant coefficients, but for this result to 
have significance we must be certain that elementary integrals of the 
three kinds actually exist. For integrals w of the first kind it is evident 
that at every cycle the expansion for ndx/dt must be without terms in 
negative powers of ¢, and the sum of the orders of 7 and dx/dt must there- 
fore be positive or zero. This means that 7 is a multiple of the reciprocal 
of the divisor of dx/dt, and according to Theorem 23-1 this reciprocal 
is D?/X. From Theorem 22-3 the number of linearly independent mul- 
tiples of this divisor is p, and we have the following theorem: 

THEOREM 24-1. The number of linearly independent integrals of the 
first kind is exactly the genus p. If wi, - + + , Wp are such integrals of the 
first kind then every other integral of the first kind is expressible uniquely 
with constant coefficients in the form 


W = 611 > *: + CpWp TC. 


For an elementary integral of the second kind with no singularity 
except a simple pole at a cycle P the product yndx/dt can have no singu- 
larity except a pole of order two at P. It follows readily that the number 
of linearly independent functions 7 for which the product ndx/dt has 
these properties is the same as the number of multiples of the divisor 
D?/P?X. According to Theorem 22-3 this number is y=p+1. One at 
least of the multiples 7 must give the product ndx/di a negative order 
at P since otherwise all would be integrands of integrals of the first kind, 
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and only p of these are linearly independent. For an 7 which provides 
a negative order the expansion at P must have the form 


dx Alas 
ET eee a ae (A_2 0), 


the term in 1/¢ being absent since the sum of the residues of 7 is zero. 
The integrand —7/A_: gives the integral of the following theorem for 
the case when np =0. 

THEOREM 24-2. For every cycle P and every integer 1=0 there exists 
an elementary integral ¢,(P) of the second kind with an expansion at P of 
the form 


GE) Wy POR aig Aare 
in which it is understood that w!=1 when u=0. The integrals 
Galle) 1. CL panes Gee 


are also of this type and there are no others. 

The last statement is evident since the difference of two integrals 
¢.(P) with the same uw is necessarily an integral of the first kind. 

If the theorem is true for »—1 and preceding integers the proof for 
wis similar to that for »=0. An integrand function 7 for an integral 
¢.(P) must give ndx/dt no singularities except a pole of order —(u+2) 
at the cycle P. The number of linearly independent functions 7 pro- 
viding orders = —(u+2) for ndx/dt at P is the number p+u+1 of 
linearly independent multiples of the divisor D*/(P#+#X) given by 
Theorem 22-3. The number providing orders = —(u+1) for ndx/dt at 
P is similarly p+. Hence among the p+y+1 multiples there must be 
one at least which gives ndx/dt exactly the order —(u+2). By subtract- 
ing a suitable linear combination of [o,---, ,-1 from the integral 
having this 7 as its integrand, and multiplying finally by a constant 
if necessary, an integral ¢,(P) can be constructed with the properties 
of the theorem. 

THEOREM 24-3. For an arbitrary pair of distinct cycles P,, Py» there 
exists an elementary integral of the third kind w(P,, Pz) with expansions 
at P, and P», respectively, of the forms 


+logitAnptAtt+---, —log t+ Bot Bit---. 
The integrals 
w(P;, Po) + cim1 +> --> + ¢,w,p + 6 


are also of this type and there are no others. 
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To construct such an integral 7(P;, P:) one must find an integrand 
function 7 which gives ndx/di no singularities except simple poles at P, 
and P2, and which is therefore a multiple of the divisor D?/P,P,X. 
According to Theorem 22-3 there are y=p+1 linearly independent 
multiples of this divisor, one at least of which must give ndx/dt a pole 
at one at least of the cycles Pi, P:. But if n gives ndx/dt a simple pole at 
P,; with an expansion 


A 
eRe eae ae iE a 
it must also provide a simple pole at P, with an expansion 
A 
re a ee 


since the sum of the residues of 7 is zero. The integrand 7/A furnishes 
the integral +(Pi, P2) of the theorem. 

THEOREM 24-4. Every Abelian integral I is expressible linearly in 
terms of elementary integrals with constant coefficients. 

To prove this let Z be a cycle at which the integral J has a logarith- 
mic singularity and at which the residue of the integrand function 7 
of J is denoted by A, and let Ly be a cycle distinct from all the singulari- 
ties L. The difference 

ee Ag tL ele) 
L 
where the sum is taken for all the logarithmic singularities L, has no 
logarithmic singularities at the cycles L, and also none at Ly since the 
sum of the residues A is zero. It may still have poles, however, at cycles 
P with expansions of the form 


By 
th 


Bis 
sig ae tact Breet ee 


The difference 
By 
[— > Ar(L, Lo) | panes, aii ir as SF Bal?) |, 


i, P (u—1)! 


where the last sum is taken for all the poles P, is an integral of the first 
kind linearly expressible as indicated in Theorem 24-1. 


25. The Riemann-Roch theorem. The theorem designated by this 
name is a famous one in the theory of algebraic functions, with many 
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applications in both geometry and analysis. The purpose of this section 
is the presentation of a proof of the theorem free from restrictive as- 
sumptions on the singularities of the algebraic function defined by the 
equation f(x, y) =0, and based upon the theory of multiples of a divisor. 
We shall need the following two lemmas: 

Lemma 25-1. The number of linearly independent multiples of a 
divisor Q is the same as the number for the product QO:Q, where Q: ts the 
divisor of a rational function (x, y). 

This is evident because if a(x, y) is a multiple of Q then the product 
éo is a multiple of Q:Q; and if o is a multiple of Q:0 then a /£ is a mul- 
tiple of 0. Hence 0, (k=1,---,¥v) is a complete set of linearly inde- 
pendent multiples of Q:Q if o.(k=1, - - - , v) is such a set for Q. 

Lemma 25-2. If Pi,---, Pm are cycles selected arbitrarily among 
those of a divisor Q, there is always a rational function n(x, y) such that the 
divisor 0,0 contains none of the cycles Py, - + - , Pm. 

In proving the lemma we may suppose that none of the cycles 
P,,---,Pmisat x=, since a transformation of the form x,=1/(*—a) 
will bring this about if it is not already so. Let m, - - - , 7, be a basis for 
the divisor Q;:=P,;™ .- - P,,-#™, where yu, is the exponent which P, 
has in Q. Since at every finite value x) the determinant A of the basis 
is different from zero, we may select the constants c; in the expression 


Uy] = aunt + tees + CnNn 


so that they do not satisfy any of the linear equations whose coefficients 
are the rows of the determinants A corresponding to the values xy for 
the cycles P:, - +: , Pm. Then 7 will have exactly the orders —y, at the 
cycles P;,, and the divisor Q,Q will contain none of these cycles. 

We are now ready to prove the following principal theorem of this 
section: 

THEOREM 25-1. (RIEMANN-Rocn.) /f the product QQ' of two divisors 
is equal to the divisor O:X /D* of a product &dx/dt, where &(x, y) is arational 
function, then the orders q, q' of Q and Q' and the numbers u, w' of linearly 
independent multiples of 1/Q and 1/Q’ satisfy the relations 


(25-1) Be=u +q—p+i, gqt+q = 2p — 2. 
These equations may also be written in the form 
I —' Go = 20 9 qtq’ = 2p —2. 


In making a proof of the theorem there will be no loss of generality 
in assuming that none of the cycles of the divisor X are at x=, since 
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this can be brought about by a transformation x,=1/(x—«a), and such 
a transformation does not disturb the character of the product QQ’. 
We may see this because Q.,=D/D.,, and because the argument on 
page 52 following the proof of Theorem 21-1 shows that the transfor- 
mation takes the cycles of X into those of X,,, so that 


QQ’ = O:X/D? = Q;(D:z,/D)?X/D22-= Oy22X2,/D2,. 


It is easy to see that the relation between Q and V’ can be expressed 
in the form X/Q,Q,'=1, where 


(25-2) Q1 = DQQ,/Q:, Q1' = DQ’/Q,. 


Furthermore the function 7(x, y) can be so chosen that Q; has no cycles 
at x=, according to Lemma 25-2. The same will then be true of Q,’ 
= X/Q,, since X has also no cycles at x=. The numbers p, pw’ of mul- 
tiples of 1/Q and 1/Q’ are the same as those of D/Q; and D/Q,’, by 
(25-2) and Lemma 25-1. 

Let m, - - - , m. be a basis for the divisor 1/Q; normal at x= and 
with column orders 


ipa gs ae eS cos es i Pea) oe SP el eo Sa Ps 


According to the Corollary to Theorem 21-3 the number of linearly 
independent multiples of D/Q, is 


feels pee get tp: 


The basis complementary to m,--~-, 7, is a basis for 1/Q,’ and has 
column orders 


IIA 


paiement Ses Sem tio 0S = fea: CS — tp, 


by Theorems 22:1 and 22-2. Hence the number of multiples of D/Q,’ is 


I 


YE a ay A | eel A BBD Yo a SE erat 
The last two equations with (21-7) and (21-8) give the formula 
po perpen +h =qtu-w/2=g-—p+i 


since the order of 1/Q,, from (25-2), is —n—q. Furthermore the orders 
of the two sides of the equation QQ’ =Q;X/D? must be equal, so that 


gt+q = w— 2n = 2p — 2. 


Thus the theorem is proved. 
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26. Rational functions with prescribed poles. In Section 6 it was 
shown that a rational function of the variable x can always be con- 
structed with arbitrarily selected poles and zeros provided only that 
the sum of the orders of the zeros is equal to the sum of the orders of the 
poles. The analogous theorem is not true for rational functions &(x, y) 
on the Riemann surface of an algebraic function. The problem of con- 
structing rational functions é(«, y) which have poles only among an 
arbitrarily selected set of cycles Pi, - - - , P, is one of the fundamental 
problems of algebraic function theory. The theorems of this section 
have to do with this problem. 

We shall adopt the notation Yi(P) =yi(x, y) (¢=1,- - - , p) for the 
p linearly independent multiples of the divisor D?/X whose existence is 
asserted in Theorem 22-3. All other such multiples are then expressible 
in the form 


(26-1) Y= Cr -- = ea 


These functions y are the integrands of integrals of the first kind de- 
scribed in Theorem 24-1. The divisor Q, of every such function has the 
form QO, =RD?/X where R is a divisor having only positive exponents 
and of order w—2n=2p—2, since the divisor D*/X has order 2n —w 
=2—2p and Qy has order zero. 

Lema 26-1. If the rational functions ni(i=1,--- , uw) are linearly 
independent then for every integer qg>O it is possible to select finite non- 
singular places P;, (k=1, -- + ,q), distinct from any finite number of other 
places given in advance, and such that the rank of the matrix | | n(P,) || is 
the smaller of the numbers wu and q. 

If this were not the case let p be the maximum rank attainable for 
the matrix, and suppose P;, - - - , P, selected so that the matrix has this 
rank. Then the linear equations 


cimi (Px) Sp ad Sate Gutta Px) = 0 (k ae is he ey q) 
would have solutions c; not all zero. The function 
n(x, vy) = cim(x, y) +--+ + Gn, (a, ) 


would vanish at all finite non-singular places P permitted by the 
lemma, since otherwise the maximum rank attainable for the matrix 
would be greater than p. Hence n(, y) would have an infinity of zeros 
and be identically zero, and the functions 7; could not be linearly inde- 
pendent. 
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Let Pi, ---, P, be a set of places distinct from the places of the 
divisor D?/X and chosen as described in the lemma for the integrands 
¥i(i=1,---, p) of integrals of the first kind. The number of linearly 
independent integrands of this sort vanishing at Pi, - - - , P, is evidently 
the larger of the two numbers p—g and 0. It is also the number of 
linearly independent multiples of the divisor P; - - - P,D?/X since the 
integrands y are multiples of D?/X. Thus we see that for a set of places 
P,,---, P, chosen as above the number of linearly independent mul- 
tiples of the divisor P; - - - P,D?/X is the larger of the two numbers 
p—gq and 0. 

A special set of places P;, - - - , P, is by definition one for which the 
number of linearly independent multiples y of P, . - . P,D?/X is greater 
than the larger of p—g and 0. Evidently for such sets gS2p—2 since 
the divisor P, - - - P,D?/X would otherwise have order greater than 
2p—2+2n—w=0 and would therefore have no multiples. A special 
divisor Q=P, - - - P, is one for which the set Pi, --- , Py is special. 
A special rational function is by definition one whose poles occur only 
among the places of a special set Pi, --- , Py. 


THEOREM 26-1. There is no place P’ which is common to all the di- 
visors R in the formulas Qy =RD?/X for integrands of integrals of the 
first kind. The integrands w have therefore no zero in common other than 
those prescribed by the divisor D?/X, and for every place P some of these 
integrands have consequently exactly the order prescribed by D?/X. 


To prove this suppose that P’ were a place common to all of the 
divisors R, and that the places Pi, - - - , Pp, were selected distinct from 
P’ and so that the matrix | | ¥;(P;) | | has rank p—1, asin Lemma 26-1. 
There would then be exactly one linearly independent multiple y of the 
divisor 0D?/X, where O=P, - - - Pp-1, and its divisor would have the 
form 0,=QQ’D?/X with Q’ containing the fixed place P’. Evidently 
there would also be exactly one multiple of 1/Q’, by Lemma 25-1. In 
the Riemann-Roch theorem applied to Q and Q’ we should have g=p—1, 
u’=1, and hence p=1 from (25-1). But this number yp of multiples of 
1/Q would be the same as the number of multiples y of Q’D?/X, by 
Lemma 25-1, and to obtain multiples of the latter divisor we should 
have only to find integrands y which vanish at the places of Q’/P’. The 
equation 0y =QQ’D?/X implies that the order of Q’ is p—1, so that the 
number yu of integrands wy vanishing at the places of Q’/P’ would be at 
least p—(p—2) =2, and this would contradict the value »=1. Thus the 
theorem is proved. 


=] 
to 
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THEOREM 26-2. For a divisor Q=P,---P, the number q and the 
number u of linearly independent multiples of the divisor 1/Q, one of which 
is of course a constant, are related as indicated in the following table: 


Be ee PR: | Poe ee 
Range of 9 non-s pecial special 
| | 
gp | n=1 u>1l 
p<qs2p—2 u=q—ptl p>g—p+i 
2p—2<q u=q-—prtl No case 


In order to discuss the case gp we may first choose an arbitrary 
rational function (x, y) and determine a divisor Q’ by the equation 
QQ’ =Q;:X/D*. The number yu’ of multiples of 1/Q’ is the same as the 
number of multiples of QD?/X, by Lemma 25-1. But from the preced- 
ing paragraphs we see that this numberisu’=p—qiftheset Pi,--- ,P, 
is non-special, and that u’ > —g if it is special. Hence the first equation 
(25-1) of the Riemann-Roch theorem gives »=1 for non-special sets, 
and u >1 for special sets. 

The proof for the second row of the table is similar except that we 
find u’=0 or np’ >0, so that equation (25-1) gives the two results u=qg 
—p+1 or p>q—p-+l. 

When 2/—2<g there are no multiples of QD?/X since the order 
of this divisor is g+2—2p>0 and no rational function can have order 
greater than zero. Hence the special case does not occur and we have 
pw’ =0, u=q—pt+l. 

The number u of the last theorem is the number of linearly independ- 
ent rational functions with poles at most among the places Pi, - - - , 
P, and with orders greater than or equal to those possessed by the 
divisor 1/P, - - - P,. If places P; are repeated in the product P; - - - P, 
some of the orders of these poles may be greater than unity. 

CoROLLARY. The only rational functions with poles at most among the 
points of a non-special set P,, - - - , P, and orders greater than or equal to 
those possessed by the divisor 1/P,---P, are constants when qSp. If 
pb<q then the number of linearly independent functions of this sort is 
u=Q—pt+l, and such a function will in general be determined to a con- 
stant factor if g—p seros are prescribed for it. 

The first row of the table of Theorem 26-2 shows that when gS<p 
all functions with the properties described in the corollary are linearly 
dependent upon one of them, and we know that 1 is such a function. 
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When p<g there are n«=qg—p+1 linearly independent functions 
n(t=1, +--+, qm) with the properties of the corollary. But for every set 
of uw linearly independent functions there exist places P/ (s=1,° °°, 
q—p) such that the matrix | | n;(P/) || has rank g—p, by Lemma 26:1. 
Hence the ratios of the coefficients c; in the function 7=cym+ °° ° 
+c¢,n, will be uniquely determined by the condition that the function 
shall vanish at the points P/, as indicated in the last sentence of the 
corollary. 

The result stated in the corollary should be contrasted with the 
analogous theorem for the plane or for algebraic functions for which 
p=0. In these cases the number of zeros which can be chosen arbi- 
trarily for a rational function is equal to the number of the poles. 

THEOREM 26-3. /f a rational function n(x, y) is a multiple of a divisor 
1/P, -- -P,, and if there exists an integrand function W of an integral 
of the first kind which is a multiple of the divisor P, . - + P,D?/X, then 
n(x, y) is expressible as a quotient n=yi/W of two integrand functions of 
the first kind. In particular every special rational function is so expressible. 

For under the hypotheses of the theorem the product ~;= nw is 
evidently also a multiple of the divisor D?/X and hence an integrand 
function of an integral of the first kind. Since every special rational 
function is by definition a multiple of a divisor 1/P; - - - P, for which 
there exists a multiple yw of the divisor P; - . - P,D?/X, the last state- 
ment of the theorem is also true. 

THEOREM 26-4. /f there exists a rational function n(x, y) with a single 
simple pole then the value of the genus p must be zero. If p=0 then for 
every place P there exists a rational function n(x, y) with a single simple 
pole at P. 

If n(x, y) has a single simple pole then for every constant a the dif- 
ference n(x, y)—q@ has a single simple zero. The expansion of 7 at a 
place where it is finite has the form n= +cl+ - - - , and the constant 
c is different from zero, since otherwise n(x, y) —no would have a double 
zero. At the pole of 7 we have n=(d/t)+ »- -, with d#0. Hence for the 
function 7 the numbers described on page 63 have the values w, =0, 
n,=1 and the genus is p=w,/2—n,+1=0. 

The last statement of the theorem is a consequence of Theorem 20:2 
for the case p=0, g=1. The third row of the table of the theorem gives 
u=2. Hence there must be at least one function not a constant with 
a pole at the place P. 

Consider now a divisor 0=1/P, ---P, for which 2p+2<q. By 
the third row of the table in Theorem 26:2 there are w=q—p+1 
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linearly independent rational functions ai, - - - , ¢, which are multiples 
of Q. At an arbitrary place P the expansion of such a multiple has the 
form 

e= ee dp ee 


where v is the smallest exponent permitted by Q at P. The coefficients 
c, d may be called the leading coefficients of o at P. For the functions 
o,,:--,0, and places P’, P’’, P’’’, they may be designated by suitable 
subscripts and primes. In a later chapter we shall need the following 
lemma and its corollary. 

LemMA 26:2. If 2p6+2<q then the n=q—p+1 linearly independent 


multiples o1,---, 0, of a divisor 1/P,;-- +P, have a matrix of leading 
coefficients 

CG 1G 

/ / 

C1 oO Cu 
(Bo y : 

Cy fa, ae 8 Cu | 

fli Orca ent 


at four arbitrarily selected places P, P', P'’, P’"’ which is of rank 4. If P 
coincides with P’ the same conclusion holds provided that the second row 
in the matrix is replaced by dy, -- - , dy. 

Suppose that this were not true for a set of places P; PP’) P’> FP ™ 
Then there would be at least u —3 linearly independent functions of the 
form u0,+ --- +4u,o, with m,---, “, constants and with leading 
coefficients zero at P, P’, P’’, P’’’. These functions would be multiples 
of the divisor 1/0, = PP'P’’P’"’/(P, - - - P,), which is impossible since 
the number of linearly independent multiples of 1/Q: can be shown to 
be »—4. To prove this consider the divisor Q2 defined by the equation 
0,0; =X /D*. Its reciprocal 1/Q: has no multiples since the order of 
1/Q2 is gq—4+2n—w=q—2p—2>0. Hence by the Riemann-Roch 
theorem the number yw, of multiples of 1/Q; is w= (q—4) —p+1=y"—-4. 

CoroLuary. The matrix corresponding to (26:2) for k<4 places has 
always rank k. In particular the leading coefficients c1, - ~~, ¢, at each 
place P are not all zero, and the same is true of the second coefficients 
Ae eed, 

These results follow readily from Lemma 26:2. 


REFERENCES FOR CHAPTER III 


References for the various sections of Chapter III above, in the list 
at the end of this book, are the following: 9; 28, Vorlesungen IX-XX; 
42, Chapters IV, VI-IX; 44. 


CHAPTER IV 


THE RIEMANN SURFACE OF AN 
ALGEBRAIC FUNCTION 


27. Introduction. In the theory of elementary analytic geometry 
methods are given for determining a curve in the real xy-plane whose 
points are in one-to-one correspondence with the pairs of real values 
(x, y) satisfying a given algebraic equation f(x, y) =0 of the kind de- 
scribed in the last chapter but with real coefficients. In the theory of al- 
gebraic functions the coefficients are allowed to be complex numbers as 
well as real, and the totality of real or complex number pairs («, y) 
which satisfy the equation f(x, y)=0 is the subject of study. These 
number pairs cannot be represented on a real curve in the plane, but a 
surface can be constructed whose places are in one-to-one continuous 
correspondence with the branches of the form (13-2), described in 
Theorem 13-1, which satisfy f(#, y) =0. This surface is called a Riemann 
surface for the algebraic function y(«) defined by the equation f(x, y) =0. 
If the places on the surface corresponding to singular values of x are ex- 
cluded the remainder of the surface is in one-to-one correspondence with 
the pairs (x, y) which satisfy f=0 and belong to ordinary values of x. 

In this chapter a method for constructing a Riemann surface is 
described, and some of the more elementary properties of such a sur- 
face and of single-valued holomorphic functions on it are deduced. 


28. The construction of the Riemann surface T. In the finite part of 
the x-plane the singular values of x for an algebraic function are finite in 
number, since they are the roots of the polynomials /o(«) and D(«). Let 
us denote them by ai, - - - , @, and suppose a polygon drawn through 
them and to infinity, as illustrated in Figure 28-1. The remaining part 
of the x-plane is a simply connected region K in which the values of the 
algebraic function y(x) form m distinct holomorphic functions y,(x) 
(k=1,---, m), according to Theorem 12-3. 

In order to construct a surface which shall represent the algebraic 
function we may take n planes, one over the other, each cut as shown 
by the heavy lines in the figure. With the point in the k-th sheet over a 
value x in the region R we associate the pair of values [«, x(x) ]. In this 
way a one-to-one correspondence is set up between the places on the n 


is 
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sheets and the pairs of values (x,y) which satisfy the equation f(x,y) =0 
over the region RK. 

In order to make the correspondence continuous along the cuts 
exclusive of their ends, let two regions R’, R’’ be defined in a neighbor- 
hood of each cut, as indicated in Figure 28-1 for the cut a;as. In the 
region formed by R’, R’’ and the cut between them exclusive of its 


Fic. 28-1 


ends, the values of the algebraic function y(«) form again distinct 
holomorphic functions Y;(«) (J=1, -- + , ~), and these can be so num- 
bered that y,(«) =Y;,(«) in R’. In the region R”’ the functions y,(x) are 
the functions of the set Y;(«) but possibly in a different order. We join 
the edge of the cut bounding KX’ in the k-th sheet to the edge bounding 
R’’ in the /-th sheet, where / is so determined that y,(x) = Y,(x) in R’’. 
The continuous Riemann surface so formed has the property that its 
places over non-singular values of x are in one-to-one continuous corre- 
spondence with the non-singular pairs of values (a, y) which satisfy the 
equation f(x, y) =0. 

Over a small circle in the «-plane with center at a singular point 
«=a the sheets of the Riemann surface are associated into cycles of one 
or more sheets like those shown in Figure 13-2. The sheets of a cycle are 
supposed to be joined over the singular point at a single point called the 
vertex of the cycle, but the vertices of different cycles are distinct over 
x =a. If Cisa circle with center at « =0 and so large that it has all of the 
finite singular values of « in its interior, then the sheets of the surface 
over the exterior of C similarly form cycles for « = «© which by the trans- 
formation x=1/x’ go into cycles for «’=0. The points of the Riemann 
surface, including those at x=, are all vertices of cycles of one or 
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more sheets, and are called places to distinguish them from the points 
of the x-plane corresponding to them. It is understood of course that 
each point where the surface intersects itself is to be regarded as con- 
sisting of two distinct points, one for each of the sheets passing through 
it. The complete Riemann surface which has thus been described, in- 
cluding the vertices of cycles at «= %, will be designated hereafter by 
the symbol 7. 

THEOREM 28-1. By the process described in the preceding paragraphs 
an n-sheeted closed Riemann surface T is constructed such that to every 
place P of T there corresponds a pair of values x(P), y(P) which satisfy the 
equation f(x, y) =0. 

very place Po on the surface has a neighborhood N which is in one-to- 
one correspondence with a circle in the t-plane with center at the point t=0. 
In this circle the values x(P), y(P) are given by a primitive branch of the 
form 


(28-1) x=at+?H, y = be + We +e, 


or of this form with x=a+tl replaced by x =1/t’. 

The correspondence between the places Py on T and the primitive 
branches satisfying f(x, y) =0 is one-to-one in the sense that every branch 
has one and but one place near which it represents x(P), y(P), and con- 
versely. 

The places of the surface T which have non-singular values x(P) are in 
one-to-one correspondence with the pairs (x, y) which satisfy f(x, y) =0 
and have non-singular values x. 

It is understood that in the pair x(P), y(P) one or both of the co- 
ordinates may be infinite. By a branch is meant a set of r primitive ex- 
pansions of the type (28-1) which are equivalent to each other by trans- 
formations of the type t=wt’, where w is an r-th root of unity. The r 
different expansions of such a set all define the same r values y corres- 
ponding to a given x. 

The arguments preceding Theorem 13-1 justify the statement that 
each place Py has a unique branch giving the values x(P), y(P) at places 
P near to Py. Every branch (28-1) satisfying f(«, vy) =0 must similarly 
belong in this way to one and but one place Po. For as we have seen in 
Section 13 every branch (28-1) satisfying f(x, y) =0 must be equivalent 
to one of the set of non-equivalent branches defining the n distinct 
values of y near «=a. 

The correspondence between places and pairs (x, y) having non- 
singular values x is one-to-one because for each non-singular value x =a 
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the correspondence between the pairs (a, 6;) satisfying f(x, y) =0 and 
the branches satisfying this equation near x =a is one-to-one. 

Riemann surfaces with the properties described in the theorem may 
be constructed in many different ways. In forming the region R in which 
the values of the algebraic function y(x) form m distinct holomorphic 
functions y,(x) (k=1, 2,---, ”) it is sometimes more convenient to 
join each singular point a; to infinity by a straight line, as indicated in 
Figure 28-2. The point O should be chosen not collinear with any pair 
of the singular points. The rest of the argument justifying the construc- 
tion of the Riemann surface is the same as before. 


: 
! 
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Fic. 28-2 


It is clear that every surface 7; whose places P; are in one-to-one 
continuous correspondence with the places P of T can also be regarded 
as a Riemann surface for the algebraic function y(«) with the properties 
described in Theorem 28:1. Thus any surface 7; into which T can be 
continuously deformed is a Riemann surface for y(x). The properties of 
an algebraic function characterized by the Riemann surface of the 
function are thus properties which one studies in Analysis Situs. 

It is important to notice here a property of the Riemann surface of 
an equation f(«, vy) =0 for which the polynomial f(x, y) is irreducible. 
The Riemann surface of such an equation consists of a single connected 
piece, as stated in the following theorem: 

THEOREM 28-2. Let f(x, y) be a polynomial having D(x) 40 and no 
factor x—a. Then a necessary and sufficient condition that f(x, y) be ir- 
reducible is that its Riemann surface T consists of a single connected piece. 
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We may first prove the condition necessary. For let T consist of 
more than one connected piece. Without loss of generality we may 
suppose that one of these pieces is made up of the sheets corresponding 
to yi(x), > - - , yg(x) (¢<mn). Every symmetric polynomial S[y;("), - - = , 
ya(x)] in yx, - - - , vy is single-valued and holomorphic in the portion 
of the x-plane remaining after the cuts used to form the Riemann sur- 
face are made. Furthermore S has the same properties on the cuts ex- 
clusive of the singular points. For in the region R’+R”’ of Figure 28-1, 
including the cut between R’ and R’’ exclusive of its ends, the roots of 


j(x, y)=0 which are equal to (x), ---, y,(x) in R’ form a set of 
holomorphic functions Y,(x),---, Y,(«). These are identical with 
yila), - - - , ¥o(#) in some order in R’’ also, since the first g sheets of the 


Riemann surface are connected with each other across the cuts. Then 
in either R’ or R’’, on account of the symmetry of S, 


S[yi(x), ee ey ¥q(«) | = Si Vax), Pala) Vata) |} 


and we see that S is holomorphic in the whole «-plane except possibly 
at singular points of y(x). For each singular point « =a there is a factor 
(x—a)” such that all the products (x—a)”y,(x) are bounded near x =a, 
by Lemma 13-1, and hence there is a similar product («—a)*S which is 
also bounded near «=a. The function S has therefore only poles as 
singularities and is rational. 

Consider now the polynomial 


ey Spy oe fone = (Ym Yi) er = 4g) 


whose coefficients are except for signs the elementary symmetric func- 
tions of y:, - - - , y, and therefore rational in x according to the argu- 
ment in the preceding paragraph. When we divide this polynomial into 
f we find 


ime O aah SV), 


where Q and R are polynomials in y with coefficients rational in x, and 
the degree of R in y is at most g—1. At every non-singular value of « 
at which the coefficients of the powers of yin Q and X are finite the poly- 
nomial R must vanish for all of the roots y=, - - - , yg, and hence it 
vanishes identically. When the equation f= PQ is multiplied through by 
the lowest common denominator of the coefficients of y in P and Q it 
follows from Lemma 9-1 that the factors of the coefficient of f are fac- 
tors in the coefficients of the powers of y in the polynomials of the second 
member of the equation, and hence f is reducible. 
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The sufficiency of thé condition of the theorem is evident frcm the 
fact that when f=P; - - - P;, is reducible the continuations of the roots 
yi(x), «++, Yq(x) of Pi, say, are always roots of P;=0. Hence this set 
of roots permutes into itself across the cuts, and the Riemann surface 
consists of k connected pieces, one for each of the factors Pi, - - - , Px. 

From this section on we shall always understand that the polynomial 
f(x, y) defining the algebraic function y(«) under consideration is irre- 
ducible, so that its Riemann surface T consists of a single connected 
piece. 


29. Holomorphic functions on a Riemann surface. We have seen in 
Section 28 that every place Py) on a Riemann surface T has a neighbor- 
hood N whose places are in one-to-one correspondence with the points 
of a circle Tin the ¢-plane with center at /=0. A function g(P) of the 
places on T is said to be analytic at a place Py if there is a neighborhood 
N of Poin which g(P) is single-valued and defines a function G(t) =g(P) 
which is analytic at =0 in the t-plane. A function g(P) is holomorphic 
on a portion S of the surface T if g(P) is single-valued and analytic at 
each place on S. Such functions have many properties analogous to 
those of functions holomorphic in a region of the x-plane. Some of these 
will be deduced in this section. 

A function g(P) holomorphic in a neighborhood N of a place Po 
except possibly at Po itself has by definition at Po an ordinary place, 
a removable singularity, a pole, or an isolated essential singularity accord- 
ing as the function G(t) =g(P) in T has such points at ¢=0. 

If it is agreed beforehand that all removable singular places of a 
function g(P)-have been removed, then the value of g(P) at an arbitrary 

‘place Po near which it is holomorphic is completely determined by the 
values of g(P) ina neighborhood of Po, since the coefficients of the Laur- 
ent expansion for G(t) = g(P) in powers of f are so determined. Since the 
places on 7 over non-singular values of x are in one-to-one correspond- 
ence with the non-singular pairs (x, y) satisfying f(x, y) =0 it is clear 
that when the values of g(P) are given at all such non-singular places 
its values at all points near which g(P) is holomorphic are well defined. 
Hence it is customary to represent a function g(P) by the notation 
g(x, y) and we shall use this notation from now on. 

A regular arc C on the Riemann surface T is one whose projection 
w=a(u) (4, Su Suz) in the x-plane is regular. If the projection does not 
pass through any singular point in the a-plane then C will have as- 
sociated with it a regular continuation function y(u) such that the pair 


Pa 6+» | SD) 
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xc = 2(%), y = y(t) (uw; S u S up) 


satisfies the equation f(x, vy) =0 identically in w. In the sequel we shall 
consider only arcs C on T which have these properties unless expressly 
stipulated otherwise. If a function g(x, y) is holomorphic on an arc C 
then the integral 


fst vax = [% ele, rele" nau 
Cc uy 
is well defined. 
The residue at a place Py of a function g(x, y) holomorphic in a 
neighborhood of P» except possibly at P» itself is by definition 


1 
Rp, = >— |] (x, y)dx 
211 Cc 
where C is a simply closed arc on T bounding a neighborhood WN of the 
place Po in which g(«, y) is holomorphic except possibly at Po. The value 
of this residue is also expressible in the forms 


1 
(29-1) Re, = 5— | GO (ax/at)at 


TL Cs 


1 
mae { g(x, 1) +- >> + g(x, 9) } dx 


271 om 


where G(t)=g(P) near Po, C; is the image of C in the ¢-plane for the 
place Po, C, is the projection of C on the x-plane, and yi(w), - - - , y,(x) 
are the continuation functions belonging to the r sheets of the cycle with 
vertex at Po. 

THEOREM 29-1. The residues of a function g(x, y) at places Po near 
which g(x, y) is holomorphic are given by the following table : 


Projection of Po Substitution Expansion of Residue 
g(x, ¥) 
bob x=at+lr ate TA, 
>» A, 
x= else ase —rA, 


These values are readily calculated with the help of the formula 
(29-1) for the residue in the ¢-plane. 
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30. Cauchy’s theorem. The integration theorems of Section 2 have 
generalizations for integrals along curves on Riemann surfaces which 
are of great importance for the theory of algebraic functions. These 
results and some necessary auxiliary theorems concerning connected 
surfaces are to be explained in this section. 

A connected surface S is one which has the property that every pair 
of its points can be joined by a continuous arc lying entirely on S. A 
simply connected surface S is one which is connected and which has the 
further property that every simply closed continuous curve C on S 
separates S into two connected parts one of which has C as its complete 
boundary. A sphere is a simply connected surface, but an anchor ring 
is not. Similarly the interior of a rectangle in the plane is simply con- 
nected, but the interior of a rectangle with a hole cut in it is not. 

If a surface S has a boundary B then by a cross cut in S is meant an 
arc C not intersecting itself and interior to S except for its two ends 
which are on B. A loop cut in S is an arc L interior to S except for one 
end-point on B, and not intersecting itself except that its second end- 
point is on L. A loop cut is a limiting case of a cross cut as indicated by 
the dotted line in Figure 30-1. All of the cuts considered in the following 
pages are supposed to consist of regular arcs, and the same is true of 
boundary curves when such curves exist. 


B 


Fic. 30: 1 


THEOREM 30:1. If a surface S has a boundary B and is simply con- 
nected then every cross cut_C or loop cut L in S divides S into two simply 
connected portions. 

If S were not separated by a cross cut C then two points P, Q on op- 
posite sides of C could be joined by a simply closed continuous are T° 
in S, as indicated schematically in Figure 30:2. But then the points of 
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S on both sides of T would have points of B as boundary points, which is 
impossible if S is simply connected. 


B 
HiG330 32 


Each of the two portions S,, S2 resulting from the cut along C is 
simply connected. For every simply closed continuous arc T; in S; 
divides S into two portions one of which has no point of B as boundary, 
and hence also no point of C. It is therefore entirely in S; and has only 
points of I, as boundary points. 

The proof for a loop cut Z is similar. 

THEOREM 30-2. A surface S whose boundary B is known to consist of 
simply closed curves has only one bounding curve if it has the further 
property that every cross cut or loop cut in S divides S into two simply con- 
nected pieces. A simply connected surface S has therefore only one bounding 
curve if it has bounding curves at all. 


Fic. 30:3 
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If there were two boundary curves, B, and Bz, we could join them 
by a cross cut C since S is connected, as shown in Figure 30-3. But then 
two points, P and Q, on opposite sides of C could be joined by a curve 
in S, as indicated by the dotted line, and S would not satisfy the hy- 
pothesis of the theorem. : 

THEOREM 30:3. CaucHy’s THEOREM. If S is a simply connected 
portion of the Riemann surface T bounded by a simply closed regular arc 
B not passing through any singular places on T, and if g(x, y) ts holo- 
morphic on B and S except possibly at a finite number of places interior to 
S, then 


il g(x, y)dx = 2ri [sum of the residues of g(x, y) in S], 
B 


where the value of the integral along B is taken in the positive sense with 
respect to S. 

To prove this let us first cut out successively the singular places of 
T in S and the singularities of g(x, y) in S by loop cuts LZ each enclosing 
only one singularity. Theorems 30-1 and 30-2 tell us that the part S; of 
S remaining will be simply connected and have a single bounding curve 
B,. Then 


{ g(x, y)dx = i g(x, y)dx + (I g(x, y)dx, 
B By L 


where the sum is taken for all the loop cuts LZ, and consequently 


{ g(x, y)dx = i g(x, y)dx + 2ri [sum of residues of gin S | 
B ; By 
since the integral along each L is 277 times one of the residues. It is 
understood that the integrals along B, and L are taken in the positive 
senses with respect to S; and the interior of L, respectively. The value 
of the integral along B, is zero, at least if B, intersects the cuts used in 
constructing the Riemann surface 7 only a finite number of times. For 
if we cut 7 along these cuts the effect upon S, is that of a succession of a 
finite number of cross cuts. The result, according to Theorem 30-1, is 
that S, is separated into a finite number of simply connected pieces. 
Each of these pieces lies in a single one of the sheets of T and contains 
no singular point of 7 or g(x, y). Hence the value of the integral taken 
around its boundary is zero, by Theorem 3:1, and the same is true of 
the value of the integral around B, which is the sum of the integrals 
around the boundaries of the pieces. 
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The proof has been made only for an are B, which intersects the cuts 
used in making T only a finite number of times but a remark below will 
indicate how this deficiency in the proof may be removed. 

It is clear that the theorem applies even to a region S of the surface 
T which includes places at «= %. For when these places are cut out by 
loop cuts simultaneously with the singularities of T and g(x, y), as de- 
scribed above, the remaining portion S; of S will be bounded and simply 
connected. 

When the region S of the theorem contains no singularities of g(x, y) 
the value of the integral is evidently zero. 

The case not covered in the proof of the theorem is taken care of by 
the following lemma: 

Lemma 30-1. Jf S; is a simply connected portion of the Riemann sur- 
face T bounded by a simply closed regular curve B, not passing through any 
singular places on T, and if g(x, y) is holomorphic on B, and Si, then there 
exists a second such portion S2 and boundary Bz for which Bz intersects the 
cuts used in making T only a finite number of times and 


iL g(x, y)dx = {| g(x, y)dx. 
B B 


1 2 


The truth of this lemma seems intuitive since the arc B, can be 
moved slightly without destroying any of its properties described in the 
theorem. But the proof of the lemma, as it occurs to the writer of these 
pages, is inconveniently long. Only a synopsis will be given here. 

Let the curve B, on T be defined by functions 


x = x(u), y = y(u) (wu, Su S um). 


The first step in the proof is to show that there exists an arc mus of By 
which can be replaced by an inscribed polygon forming with the re- 
mainder of B, a simply closed arc on T with the properties of the the- 
orem, except possibly the one concerning intersections with the cuts 
used in making 7. There will be a least upper bound w, to the values us; 
defining intervals “,u; for which this is possible, and we can prove that 
u, must be at uw and that a polygon with the properties described can 
be inscribed in the whole arc B;. By moving corners of the polygon 
slightly if necessary it can be changed into a new polygon B, with the 
same properties, and such furthermore that no side is parallel to one of 
the cuts used in making the surface 7. Then By will intersect these cuts 
in a finite number of points only. 
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31. The connectivity of a Riemann surface. If the Riemann surface 
T of an algebraic function is simply connected then Cauchy’s theorem 
for a function g(x, y) can be applied to every simply closed regular arc 
B on T which does not pass through singular places of the surface or of 
g(x, y), since such an arc B divides T into two portions one of which has 
B as its complete boundary. Not every Riemann surface is simply con- 
nected, however, as one can see, for example, by examining the surface 
for the algebraic function defined by the equation y? =(1—«?)(1—?x”). 
In this section it is proposed to show that every Riemann surface can 
be reduced by a succession of cuts to a simply connected surface 7” on 
which Cauchy’s theorem holds for arbitrary simply closed arcs B with 
the properties described above. The theorems which lead to this result 
are theorems concerning the connectivities of two-sided surfaces in 
space. The Riemann surfaces described above have always two sides. 

THEOREM 31-1. A necessary and sufficient condition that a surface S 
having a boundary B be simply connected 1s that every cross cut C or loop 
cut Lin S divides S into two simply connected pieces. 

The statement of the necessity of the condition is Theorem 30-1 
proved above. To prove the sufficiency let I’ be a simply closed regular 
arc in S and draw the cut P,P, as in Figure 31-1. If I’ did not separate 
S then two points P; and P, on opposite sides of T could be joined by 


Py 


RiGee le 


a continuous arc in S not intersecting I’, but that arc would necessarily 
touch the cut PiP: since by the hypothesis of the theorem every loop 
cut separates S. It can readily be seen, however, by following the edges 
of P,P, and I’, that in this case P; and P; could be joined by an arc not 
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intersecting either P,P, or I’, which is a contradiction. Hence I’ sepa- 
rates S into two connected parts. 

The boundary B consists of a single arc, according to Theorem 30: 2. 
Hence P; and P; cannot both be joined to B without intersecting I, 
since otherwise by following an edge of B they could be joined to each 
other without intersecting I. It follows that one of the regions into 
which I divides S has only points of I as boundary points. Thus S is 
simply connected. 

THEOREM 31-2. Jf a system & of surfaces with simply closed regular 
curves as boundaries is decomposed by v cross or loop cuts into a simply 
connected pieces, then the difference v—a is the same for every such decom- 
position. 

Suppose v cuts C dividing » into a simply connected pieces, and 
v’ cuts C’ dividing = into a’ such pieces. Without loss of generality it 
may be supposed that the systems C and C’ meet in a finite number of 
points only, each of which is interior to 2 and not at an intersection 
of the cuts C or at an intersection of the cuts C’. If this were not already 
so we could displace the cuts C’ slightly, or compare C and C’ with a 
third system C’’ such that the pairs C and C’’, C’’ and C’, both have 
these properties. 

If then the cuts C have all been drawn, the cuts C’ can be drawn 
successively. If one of the latter meets the cuts of C in & points it counts 
as k+1 new cross cuts. Let K be the total number of intersections of the 
cuts C and C’. Then by Theorem 30-1 the number of simply connected 
pieces resulting after superposing the cuts C’ on the cuts Cisa+K-++?’, 
and the number obtained by superposing the cuts C on the cuts C’ is 
a’+K-++y. Since these two numbers are equal the theorem is proved. 

The connectivity of a connected surface S is defined to be the number 
N =v—a+2 when by » cross or loop cuts the surface is dividied into a 
simply connected pieces. If the surface has no boundary to start with 
we draw a simply closed curve on the surface and count it as the first 
cut. The proof of the last theorem then shows that for a surface without 
boundary the connectivity is also independent of the system of cuts 
used in calculating it. By Theorem 30-1 a simply connected surface has 
evidently the connectivity V =1. 

THEOREM 31-3. Jf a connected surface S has connectivity N and a 
cross or loop cut is drawn not severing S, then the resulting surface S’ has 
connectivity N'=N—1. An N-tiply connected surface can be made into a 
simply connected surface by N—1 cuts; and, conversely, if S can be made 
into a simply connected surface by N—1 cuts its connectivity is N. On a 
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surface of connectivity N not more than N—1 cuts can be drawn without 
severing it. 

To prove the first statement let V’=v—a+2 be the connectivity 
of S’. Then evidently V =(v+1) -—a+2=N’+1. 

To prove the rest of the theorem we note that by Theorem 31-1 it is 
always possible to draw in a surface S of connectivity NV >1 a cross cut 
or loop cut which does not sever S. Then with the help of the first state- 
ment of the theorem the rest of the theorem follows at once. 

THEOREM 31-4. If from a surface S having boundary curves a simply 
connected portion bounded by a simply closed curve T 1s removed, then the 
remaining surface S’ has connectivity N'=N-+1, where N 1s the connec- 
tivity of S. If S has no bounding curves then N’=N. 

In the surface S’ remaining after the simply connected region 
bounded by I has been removed, draw the cross cut C. The resulting 
surface S’’ has a connectivity N’’=v—a+2 which is related to the 
connectivity NV’ of S’ by the equation NV’’=WN’—1, according to The- 
orem 31-3. But S’’ is formed from S by drawing the loop cut consisting 
of C and I, so that N=(v+1)-—(a+1)+2=N” and consequently 
Wi Neo 


Fic. 31-2 


If S has no boundary, and if for S’ we have N’=v—a+42, then T 
will count as a first cut in S and we find N=(v+1) —(a+1)+2=N’. 

THEOREM 31:5. The connectivity of every closed surface is an odd 
number N=2p+1. The number p is called the genus of the surface. 

The connectivity NV of a closed surface S is equal to the connectivity 
of the surface S’ formed from S by removing the interior of a small 
simply closed curve on S, by Theorem 31-4. The surface S’ has a single 
bounding curve, and it is transformed into a simply connected surface 
S’’ by N —1 cross or loop cuts which do not sever it. Each time’a cross 
or loop cut not severing S’ is drawn the number of bounding curves is 
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increased or decreased by unity, as may be inferred from Figure 31-3 in 
which the dotted lines represent new bounding curves which replace 
old ones after the cuts C are drawn. According to Theorem 30-2 the 
simply connected surface S’’ has like S’ a single bounding curve, and 


FIG. 3173 


hence the number V —1 of cuts necessary to reduce S’ to a simply con- 
nected surface S’’ is even. 

THEOREM 31-6. The connectivity of a Riemann surface T of an n- 
valued algebraic function is an odd number N=2p-+1 and the genus p has 
the value 


r—1 
(31-1) j= DE eerrtee eet ae 


In this expression r 1s the number of sheets in a cycle and the sum is taken 
for all the cycles of the surface T. 

To prove this let a1, - - - , a, be the values of x under the cycles of T 
having more than one sheet, and let the set include « = © whether it has 
such cycles over it or not. The number of cycles over a; will be denoted 
by ;. If one of the vertices at «= © is cut out by a spiral, the remainder 
of T has the same connectivity VN =2p+1 as T, by Theorem 31-4, since 
T has no boundary. If all of the other vertices over ai,--+, a, are 
similarly cut out by spirals the remainder 7; of T has, by Theorem 31-4, 
the connectivity 


Ni,=Nt+m+:::+24,-1l=2p+m+:---+n,, 


one spiral about a place over x= having already been drawn. But by 
cutting the Riemann surface by m(s—1) straight lines leading from the 
spirals around the s—1 finite points of the set a, -- - , a, to those at 
x=, asin Figure 28-2, it is seen that 7; falls into m simply connected 
pieces so that 


N, = nls — 14) — n+ 2. 
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By equating the two values of NV; so found we see that 
2p = Din — nj) — 2n4+2 


where the sum is taken for all the cycles over all the points a;. But 
n—n;=>(r—1) where the sum is taken for the cycles over the single 
point a;. Hence the formula of the theorem is true. 

The number is called the genus of the algebraic function defined by 
f(x, vy) =0, as well as the genus of its Riemann surface T. Evidently the 
value of p is determined by the branches which satisfy f(x, y) =0, or by 
their cycles of sheets, and is therefore independent of the particular 
method used in constructing the Riemann surface T. The sum Y(r—1) 
in formula (31-1) is clearly always an even number. 


32. Canonical systems of cuts making T simply connected. In the 
preceding section it has been shown that the Riemann surface T of an 
algebraic function will in general be multiply connected. In order to 
have a surface on which Cauchy’s theorem may be applicable to every 
simply closed regular curve it is desirable to reduce T to a simply con- 
nected surface T’ by a system of cross and loop cuts. This can be done 
in many ways, one of which will be exhibited in this section. 

In order to explain the system of cuts to be used, the following two 
jJemmas are helpful: 

LEMMA 32-1. If a connected surface S is cut in such a way that its 
boundary becomes a single simply closed curve C, then the resulting surface 
S’ is also connected. 

This is evident since every point of the resulting surface can be con- 
nected with the boundary by a continuous arc in S’, and hence by 
following along the boundary every two such points can be connected 
with each other by a continuous arc in S’. 

Lemma 32-2. If Sis multiply connected and has a boundary consisting 
of a single arc B then it is always possible to draw a loop cut in S without 
severing it. 

According to Theorem 31-1 either a cross cut or a loop cut can be 
drawn in S without severing it. But every such cross cut can be made 
into a loop cut with the same property, as indicated by the dotted line 
in Figure 32-1. 

If the connectivity V =2p-+1 of the surface T is greater than one we 
may proceed in the following manner to draw a system of 29 cuts on T, 
none passing through a singular place, which will reduce T to a simply 
connected surface 7”. In the first place, since T is not simply connected, 


72) 
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there will be a simply closed cut a, in T which does not sever 7, and 
which therefore provides a resulting surface with connectivity N—1, 
according to the definition in Section 31 of the connectivity of a surface 
without boundary. If a; passes through a singular place we may move 
part of it slightly so as to avoid the singularity. Since the new surface 


B 


Hig. 32 a1: 


is still connected, a cut 5; can be drawn in it which joins two points on 
opposite sides of a:, as shown in Figure 32:2. The resulting surface is 
connected, by Lemma 32-1, since its boundary consists of a single 
curve, and by Theorem 31-3 its connectivity is N —2. If this connec- 
tivity of the remaining surface is still greater than unity, a loop cut 
¢:+a2 can be drawn which does not sever the surface, according to 
Lemma 32-2, and which produces a new surface with connectivity NV —3. 


Fic. 32-2 


A further cut 62 then joins two points on opposite sides of ag. The result- 
ing surface is still connected, by Lemma 32-1, since its boundary con- 
sists of a single curve, as is clear from Figure 32-2. Hence & also reduces 
the connectivity by unity. We see then that by a continuation of this 
process, and since cuts can always be moved slightly to avoid singular 
places, the following theorem is justified: 
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THEOREM 32:1. The Riemann surface T of an algebraic function can 
always be reduced to a simply connected surface T' by a system of cuts ay, 
bi, - + +, Gp, bp joined by cuts (,+-+-, Cp, as shown in Figure 32-2, and 
such that none of the cuts passes through a singular place on T. Every 
simply closed regular arc Bin T’ separates T' into two parts, one of which, 
say S, has B as its complete boundary. Cauchy's theorem for an integrand 
function g(x, y) can therefore be applied to B and S provided that g(x, y) is 
holomorphic on B and S except possibly for a finite number of singular 
points in S. 

With the help of preceding theorems the following generalization of 
Cauchy’s theorem can also be proved: 

THEOREM 32-2. If Sis a portion of the Riemann surface T, not neces- 
sarily simply connected but having a boundary B consisting of one or more 
simply closed regular arcs, and if a function g(x, y) ts holomorphic on B 
and S except possibly for a finite number of singular points in S, then 


i g(x, y) dx=2ni [sum of residues of g in S], 
B 


where the integral along B 1s taken in the positive sense with respect to S. 

This is easy to prove since by Theorem 31-3 it is always possible to 
separate S, by a finite number of cross cuts, into a number of simply 
connected pieces. The value of the integral of the theorem along B is the 
sum of its values along the boundaries of the simply connected pieces. 
But according to Theorem 30-3 the integral along the boundary of each 
piece is the sum of the residues of g(x, v) in that piece. Hence the equa- 
tion of the last theorem is justified. 
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CHAPTER V 
INTEGRALS OF RATIONAL FUNCTIONS 


33. Introduction. The theory of algebraic functions seems to have 
been developed originally out of problems in the theory of integration. 
In the elementary calculus methods are exhibited for evaluating in- 
tegrals of the form 


(33-1) f= fn, y)dx 


where 7 is a rational function of « and y, and y is a simple algebraic 
function of x defined by one of the equations 


(33-2) y? = ax+), y? = ax? + bx+c. 


For the first of these two functions the substitution «=(y?—6)/a re- 
duces the integral to an integral with respect to y of a rational function 
of y, and the result of the integration is a sum of a rational function of y 
and logarithms of such functions. 

Another simple substitution reduces the integral (33-1) for the sec- 
ond function (33-2) also to the integral of a rational function. For if 
é; and é; are the roots of the polynomial 


(33-3) y? = ax? + bx + ¢ = a(x — €1)(x — @2) 


the straight line y=/(x—e,) meets the curve (33-3) in a fixed point 
(x, y)=(e:, 0) and in a single second point variable with ¢ whose co- 
ordinates are 


x = (et? — aee)/(t? — a), y = ale, — é2)t/( — a). 


When these values are substituted in the integral J the result is an 
integral with respect to ¢ of a rational function of ¢ whose value is ex- 
pressible as a logarithm of rational functions of t=y/(*—e:) plus 
logarithms of such functions. 

These simple methods do not apply when y is defined as an algebraic 
function of x by means of an equation 


y? = ax" + bx + rx’? + dx + e 
93 
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of the third or fourth degree in x. The integrals are then called elliptic 
integrals, and elliptic functions and their inverses are required in order 
to effect the integration. The hyperelliptic cases are those for which 
y? = R(x) where R(x) is a polynomial of degree higher than 4. 

It was Abel who first seriously attempted the study of integrals J 
of the form (33:1) for which y is defined as a function of x by an al- 
gebraic equation f(x, y) =0 of the type described in preceding chapters. 
Such integrals are called Abelian integrals. In spite of the great gene- 
rality of the problem many results of interest can be obtained, some of 
which are to be presented in the following pages. 


34. Singularities and periods of integrals. Let the integrand n(x, y) 
of the integral (33:1) be a rational function of x and y on the Riemann 
surface T of an algebraic function y(«) defined by an irreducible equa- 
tion f(x, y) =0. Further let C be a regular arc on 7, distinct from singular 
places of T or of n(x, y), and with initial place Po(ao, yo) and end place 


P(x, y). Then the integral 
I= f n(x, v)dx 
* 


has a unique finite value. If a number of these integrals are under con- 
sideration it will always be understood that their paths of integration 
are the same unless otherwise expressly indicated. 

Near every place P’ on T the values of n(x, y) are defined by a power 
series in ¢ with at most a finite number of terms with negative exponents, 


ey 


(oy Yo) 
Fic. 34: 1 


and ¢ is related to x by an equation of one of the forms x=«/+1, 
v=1/t". Let C; be a path leading from P, to a place P; in a neighborhood 
N of P’ in which the series for n(x, y) in powers of ¢ converges. Then the 
integral 
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= if n(x, ya ff n(x, y)dx, 
Cc C 


1 


where C is a path in N from P; to P, defines a function J(P) in N which 
may be either single or multiple valued. The values of /(P) in the neigh- 
borhood WN are defined by the formula 


i(P) = if n(x, vide + {f n(x, y)(dx/dt)dt 
C1 ty 


where the last integrand has the form 
n(x, y)(dx/dt) = B/#+--- + Bai/tt+ Bot Bit---. 


The coefficient B_, is the residue of n(x, y) at P’. The value of I(P) is 
changed at most by a constant when the path C; is changed. Hence in 
every case the values of /(P) for a fixed C; are defined in MN by a series 
of the form 


I(P) = const. + B_,/[(1 — we] +--- — B_o/t 
+ B_, log ¢t + Bot + ie ae 


as was seen also in Section 24, and the character of P’ as a singularity 
of I(P) is determined by this series. 
THEOREM 34-1. Jf at a place P’ on the Riemann surface T the inte- 


grand n(x, y) of an integral 
f= ee y)dx 


has its residue equal to zero then P’ is either an ordinary place or a pole of 
I. If the residue of n at P’ is different from zero then I has a logarithmic 
singularity at P’. 

From this theorem it is evident that the only singularities of an 
integral J are poles and logarithmic singularities. According to the defi- 
nitions already given in Section 24 an integral of the first kind is one 
which has no singularities on the surface 7. An integral which has 
poles but no other singularities is said to be of the second kind, and one 
which has logarithmic singularities is an integral of the third kind. 

There are only a finite number of places a, - -- , a, at which an 
integrand function (x, y) has residues different from zero. We may cut 
these places out of the simply connected surface 7’ by loops as shown 
in Figure 34-2. The resulting surface 7’’ is also simply connected, 
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according to Theorem 30-1. Along every simply closed integration path 
C on T"’ the value of J is zero, since C separates 7’ into two parts one 
of which, say S, has C as its complete boundary. The value of J along 
C is zero, by Cauchy’s theorem, since (x, y) has no residues in S. By 
an argument like that used for the proof of Theorem 3-2 of Chapter I 


Fic. 34:2 


it can be shown that the value of / is zero on every closed integration 
path C on T’’, whether simply closed or not, and we have therefore the 
following theorem: 

THEOREM 34:2. Let T’’ be the simply connected surface formed from 
T' by cutting out by means of loops the places on T’ where n(x, y) has 
residues different from zero, as indicated in Figure 34:2. Then the integral 


I(x, y) = { n(x, y)dx 
7 


has the same value on every integration path C on T'' which joins a given 
initial place (xo, Yo) to a given end-place (x, y). It is therefore a single- 
valued function I(x, y) on T’' when (x0, Vo) ts fixed. 

The periods of the integral I are by definition the numbers A,, Bi, 
H\(k=1,---+,p;l=1,---,q) defined by the equations 


i n(x, ydx, Sa i Rey WE%, 
I 


Ihe af 


Ax 


H, = 2ri [residue of n(x, v) at a], 


where the integrals are taken around the cuts in the directions indicated 
in Figure 34-3. The directions on the cuts are chosen so that at each 
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intersection of a pair of cuts a,, 6, the directions on a, and 0, are related 
to each other as the positive directions on the x- and y-axes. 


a2 


Fic. 34:3 


THEOREM 34-3. For an arbitrary path of integration C on the Riemann 
surface T joining (%0, yo) to (x, y) the value of the integral I has the form 


(34. 1) ( n(x, y)dx > Tig: y) oa (mA; + n;B;) 4+ sl: 
Cc i k 


where the coefficients m;, n:, 8; are positive or negative integers. 

There is no loss in generality in assuming that the path C intersects 
the cuts used in making 7” only a finite number of times, and that at 
each intersection C crosses the intersecting cut. For C, and the cuts also, 
can be displaced slightly without changing the value of the integral 
along C, or its periods. We could, for example, take curves for cuts 
whose projections on the x-plane are polygons, and without changing 
the value of the integral we could replace C by a similar curve whose 
polygon sides are not parallel to any of the sides of the polygons belong- 
ing to the cuts. 

The value of the integral J on a loop L consisting of an arc of the 
boundary of 7’’ from a point on one side of the boundary to the opposite 
point on the other side is always a sum of periods. One verifies readily 
from Figure 34-3 that the value of J thus taken from the negative side 
of a cut to the positive side along such a loop is that given in the follow- 
ing table: 


Cuts | ar | b,. Ck d, e 


Values of I | —A; | —B; 0 =H, 0 
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In calculating these values it must be remembered that values of J along 
an arc of a cut in opposite directions cancel each other, and that the sum 
of the values of J on the loops enclosing the points a is zero, since the 
sum of the residues of the integrand n(x, y) is zero. 

To compare the value of J along C with its value /(x, y) on a curve 
in T’’ joining (xo, yo) to (x, y) we may sever C at each intersection with 
a cut and join the two ends of the segments of C so formed by a loop L 
on the boundary of 7’’. Then we have 


fre var= r= Lf ale, var 
Cc L 


where the sum is taken for all the loops Z corresponding to intersections 
of C with the cuts. This proves Theorem 34-3 and also the following 
corollary: 

Coro ary. If the path of integration C intersects the boundary of T"’ 
only a finite number of times then the integer mj in the equation (34-1) is 
the difference between the number of times C crosses ax from the — to the + 
side and the number of times it crosses a; in the opposite direction. The 
other integers nx, 5, have similar interpretations with respect to the cuts b; 
and d. 


35. Integrals of the first kind. According to Theorem 24-1 there are 
p linearly independent integrals of the first kind. If we denote such a 
set by wi, - - - , wp then every other integral w of the first kind is ex- 
pressible in the form 


(35: 1) : W = CW + he ms +. CpWp 


where ci, - - - , cp are constants. This relation means that the integrand 
functions (x, y) of the integrals w, are related by the same equation, 
and equation (35-1) itself holds with the understanding that all of the 
integrals are taken over the same path of integration C. If the paths are 
different then a constant term c must be added which is a linear expres- 
sion in the periods of the integrals w, similar to the first sum in the 
equation (34-1). We may denote the periods of the integral w,; by the 
symbols Aj, Bi (k=1,---, p). 

A system wi, - ~~, w, as described above is called a fundamental 
system of integrals of the first kind. Every other such system wy, - - - 
wy is related to it by equations of the form 


b 


wi = Caw .-: + CipWp 
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where the coefficients c;, are constants with determinant ~0. 
Conversely every system w/ defined by such equations is a fundamental 
system. 

Lema 35-1. Let S be a simply connected portion of the Riemann sur- 
face T bounded by a simply closed regular arc B, and let g(x, y) =u+iv 
be a function which is holomorphic on S and B. Then 


i! udv > 0 
B 
unless g(x, y) is a constant. 
If x=x,+7x. then the real and imaginary parts of g are functions 
u(x, X%2), v(41, %2) which satisfy the equations 


Cik 


du/Ax; = 0v/dX2, du/Ax, = — dv/dx, 


near every place on S. If we cut out the branch places and places at 
x= in S by loop cuts L, the remainder of S is a simply connected 
region S’ bounded by a simply closed arc B’, and 


if udv = {Il udv + Eff udv 
B B’ L 


where the sum is taken for all the loops L. When the surface S’ is cut 
along the cuts used originally in forming T it falls into simply con- 
nected plane pieces on each of which Green’s theorem may be applied, 
and we find : 


f uio= f [u(dv/Ax,)dx, + u(dv/Ax2)dx. | 
B’ B/ 


(35-2) 


if i [(d0/dx1)? + (dv/dx2)? |daydxe 


ff [(u/x1)? + (du/d2x2)? |dxidxe, 
s 


which is positive unless g is constant in S’. 
Let the value of g at the center Po of a loop L be go=uo+2v0. Then 


in the formula 
f udv = i (wu — uo)dv + {{ Uodv 
L L L 


the last integral is zero, since g=u-+1v is holomorphic and 7 is therefore 
single-valued near Py. The first integral on the right approaches zero 
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with the radius of the loop L, since the value of w—w») on L approaches 
zero. If the radii of the loops L are made to approach zero simultane- 


ously then 
{ udv = lim f udv. 
B SFE 


The integral around B’ increases as the radii of the loops decrease, as 
is easily seen from formula (35-2), and its limit as the radii of the loops 
approach zero is therefore certainly positive unless the first derivatives 
of uw and v all vanish and g is constant in S. 

Lemma 35:2. If w is an integral of the first kind with an integrand not 
identically zero and with periods 


Ay = a, + taz, By = Be + 1Be (R= 1,°--, £) 
then 
(35:3) Braz — By, > O, 
where the repeated subscript indicates a sum for k=1, ++ , p as in tensor 
analysis. 


To prove this we note that if w(x, y) =w#+7v is the value of w taken 
from (xo, yo) to (x, y) along a path C in 7’, then at points p, o and yu, v 


VY 


Fic. 35-1 


on opposite sides of the cuts a, and 0, respectively, the values of u are 
related by the formulas 


u(o) = u(p) — ax, v(o) = v(p) — ax, 
u(v) = u(u) + By, v(v) = v(u) + By, 


i [w(o) — w(p) |dv = — { andy = — a8 , 


ar ay 


so that 
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it [u(v) — u(u) |dv = { Bydv = Brag , 
b be 


Dk 


where the terms on the right are this time not summed for the repeated 
index. But when we add these equations we find the value 


Brak — Bea, = { udv, 
B 


where the first term now represents a sum with respect to k, and this is 
positive, by Lemma 35-1, unless w(x, y) is a constant, in which case its 
integrand would be identically zero. 

These lemmas justify at once a succession of theorems concerning 
integrals of the first kind. 

THEOREM 35-1. For an integral of the first kind whose integrand is not 
identically zero 

(1) the periods A, are not all zero, 

(2) the periods B,. are not all zero, 

(3) the periods A,, B;, are not all real or all pure imaginary. 

These properties follow at once from the inequality (35-3). 

THEOREM 35-2. A necessary and sufficient condition that a system 
w(t=1,---, p) of integrals of the first kind with periods Aix, Bix be 
linearly independent is that the determinant | A;,.| be different from zero, 
or that | B;.| be different from zero. 

For if the determinant | A,,| were zero, for example, we could find 
constants c; not all zero such that the sums c;A ;; vanish for every k. By 
(1) of Theorem 35-1 the integral c;w; would then have its integrand 
identically zero. A similar argument holds for | Bix |. 

THEOREM 35-3. The integrand of an integral of the first kind is 
uniguely determined when one of the following sets of data are assigned: 

(1) arbitrary values not all zero for the periods Ax; 

(2) arbitrary values not all zero for the periods B,; 

(3) arbitrary values not all zero for the real parts, or for the imaginary 
parts, of the periods Ax, By. 

The proof for (1) is simple. Constants c, not all zero are uniquely 
determined by the equations A, =c:Ai, (R=1,- ~~, p) where the Aix 
are periods of a fundamental system w;. The integral w=c,w, has the 
desired periods. A similar proof holds for (2). 

To prove (3) we see that for an integral w=c,w; for which c;=y; 
+-+/(—1)1/? the real parts of the periods are the sums 


(35-4) Vidin — Yi Ci, WiBih -¥1 Bik « 
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The determinant of coefficients of the y; and y/ in these expressions is 
not zero, since by (3) of Theorem 35-1 it is not possible to determine 
constants c; not all zero so that the real parts of the periods of w vanish. 
Hence if we assign real numbers a, 8; not all zero arbitrarily the con- 
stants y;, y/ can be determined so that the expressions (35-4) are equal 
to them. A similar proof shows that one can assign arbitrarily the 
imaginary parts of the periods of w. 
CoROLLARY. There is no linear relation 


mA j, a n.By, = 0, 


with my, n, real constants, which holds for the periods Ax, B;. of all integrals 
of the first kind. 

This clearly is true since by the last theorem the real parts of A;, By 
can be chosen arbitrarily. 


36. Expressions for an integral in terms of elementary integrals or 
fundamental systems. In the theory of elliptic integrals it is proved that 
every elliptic integral is expressible as a sum of integrals of three simple 
types. The analogue of this theorem for Abelian integrals was proved in 
Section 24. 

We shall represent as above a fundamental system of integrals of 
the first kind by the notations 


wy, = f vats y)dx (k= hyn yy py 


According to Theorem 24-2 there exists for every place P on T and 
every integer v an elementary integral of the second kind 


f(%, 9; P) = if nla, y 7 P)dx 
GC 


which may be denoted also by ¢,(P) when no confusion results. This 
integral is completely determined except for an arbitrary additive 
integral of the first kind by the property that it has no singularity ex- 
cept at P and that at P its expansion has the form 


CCP) = yl /prrt a Gh Gi t= 
Similarly for an arbitrary pair of places P;, P. on T there is an ele- 


mentary integral of the third kind, 


Tee Pa eS { n(x, y 3 Pi, Pe)dx 
a 
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which has expansions 


w(P;, Po) = logt+oteat+--:- at P, 
RP load ed, edie ss at Po, 


and no other singularities. In terms of these notations Theorem 24-4 is 
as follows: 
THEOREM 36-1. Let I be an arbitrary Abelian integral 


in= { n(x, y)dx. 
C 


If I has singular places we may denote one of them by P, and the principal 
part of the expansion of I at P by 


Wee ee Ag elon 
Then 


T= >o[Ax(P, Po) + (Ai/1)f0(P) 


(36-1) Ze 
eg ee a eee 
(v—1)! 
where the sum is taken for all the singularities P of I and Py is an arbi- 
trarily chosen fixed place. 

In the formula it is understood that the paths of integration are all 
the same. If they are different a constant term must be added which is 
a sum of periods of the integrals. 

There are other methods of expressing an arbitrary Abelian integral 
I in terms of a finite number of others given in advance. We have 
seen above, for example, that every integral w of the first kind is 
expressible in the form w=c;,w, in terms of a fundamental system w, 
(k=1,---, p). We shall see that an analogous theorem holds for in- 
tegrals which have at most poles as singularities. In order to prove this 
we may define a fundamental system of integrals of the first and second 
kinds to bea set of 2p integrals (1, - - - , (2, having no singularities other 
than poles and having the determinant of its (2p)” periods different 
from zero. 

THEOREM 36-2. A necessary and sufficient condition that a set of 
integrals (1, - - - , 2p of the first and second kinds shall form a fundamental 
system is that for common paths of integration C on T’ from (xo, Yo) to 
(x, y) there exists no identity of the form 


(36-2) Cifi +++ + Copfop = n(%, y) 
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in which n(x, y) is a rational function and the constants (4, - + - , C2, are 
not all zero. 

If there were such an identity the periods Aj, Bi, (@=1, --- , 2p; 
k=1,-- +, p) of the integrals would satisfy the relations ¢;A :, =c;B;, =0 
since n(a, y) is single-valued on 7. Hence the determinant of the periods 
would be zero, and {), - - - , 2» could not be a fundamental system. 

If there is no such identity the determinant of periods cannot be 
zero. Otherwise there would be constants c; not all zero satisfying the 
equations ¢;A;,=c;B;,=0 and the function cfi1+ - - - +02pf2p would 
be single-valued on T as well as 7’ and would have only poles as singu- 
larities. Hence it would be a rational function n(x, y), by the corollary 
to Theorem 19-1, which contradicts the assumption that there is no 
identity of the form (36:2). 

THEOREM 36-3. Every integral I having at most poles as singularities 
is expressible in terms of a fundamental system (1, - ~~ , fap of integrals 
of the first and second kinds in the form 

[= 0G Geb ag 
where n(x, y) is a rational function and the paths of integration are all on 
se, 

For ¢, - - - , Cp may be selected so that the periods of the difference 
I—ci61— - + + —CapS2p are all zero. This difference is then single-valued 
on T as well as on T’ and has only poles as singularities. Hence it is a 
rational function (x, v), by the corollary to Theorem 19-1. 


THEOREM 36:4. If 61, °°: , fap ts a fundamental system of integrals 
of the first and second kinds then every other such fundamental system 
1, °° +, Gap ts expressible in the form 
(36:3) ¢f = catia t+ ++ + Cieptep + ni(x, ¥) A Beat eros pe 3. 
where the coefficients c;; are constants with determinant | c;;|#0 and the 
functions n(x, y) are rational. Conversely, every system ,---, ba» 


expressible in this form is a fundamental system. 

Evidently each integral ¢/ is expressible in the form (36-3), by 
Theorem 36-3, and the determinant | must be different from zero 
since the periods A;;, Bj of ¢/ are related to the periods A ix, B,,. of 
the integrals ¢; by the equations 


A ok — Cij;A jhy B;i = Crp Biz (Gs ] —- il Cerrar 2p : k = Uli et ae age p)s 


The determinant of the periods 4;;, B;’ is therefore the product of the 
determinant | cx, | by the determinant of the periods 4;,, By, and is 
different from zero if and only if | ¢,; | #0. 
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THEOREM 36-5. An arbitrary Abelian integral I, such as that described 
in Theorem 36-1, is expressible in the form 


I => Dd Ar(P, Pr) + C1 + peers oe Coph 2p = n(x, y) 
P 


where the sum is taken for all singularities P of I, Po is an arbitrarily 
chosen fixed place, the set 1, + - - , fs» is a fundamental system of integrals 
of the first and second kinds, and n(x, y) is a rational function. 

The proof of the theorem is immediate as soon as we recognize the 
fact that the difference 7—LA7(P, Po) is an integral with no singu- 
larities except poles. 


37. Relations between periods of integrals. There are many rela- 
tions between periods of integrals of various kinds which can be deduced 
by the application of the following theorem: 

THEOREM 37-1. [f two Abelian integrals 


I= f nee, y)dx, ea fre, y)dx 


have periods A;,, B, and Aj, BY (k=1,---, p), respectively, and if I 
has no logarithmic singularities, then 


Aj By, — BA, = 2xi [sum of residues of In’ on T'). 


The proof of this theorem is much like that of Lemma 35-2. From 
Figure 35-1 we see that 


I(o) — I(p) = — A, I(v) — I(u) = Bi, 
from which it follows that 


f | I(c) = I(p)|n’dx ie Arf n'dx = = A,B; , 
ak 0 


Ah 


{ [ I(v) — I(y) |n’dx = Bs f n’'dx = B,Az , 
by h 


Dye 


where the terms on the right are not summed for k. The sum of these 
integrals for k=1,--- , pis the value of the integral 


f I(x, y)n'(x, y)dx 


taken around the boundary of 7’, and it is also 277 times the sum of the 
residues of the product 77’ on T’, so that the theorem is proved. 
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The application of Theorem 37-1 to pairs of integrals J, /’ of various 
types gives the period relations of the following table. The results in the 
last column are found in each case by evaluating the sum of the residues 
on T’ of the product of the first integral in the first column by the in- 
tegrand of the second integral, and applying Theorem 37-1. 


PERIOD RELATIONS FOR ELEMENTARY INTEGRALS 
Integrals I, I' Values of (A,B? —B,A?)/27i 
fs w, w’ c= 0 
EL, w, ¢,(P) Cay Y (x1, V1) 
iam, em Pye Pa) w(PCP») 
IV. Su(P1), 5>( Pe) d’nu(P2, P1)/dx2” — d“n,(P1, P2)/dx 
V. Gili), w(Po, Ps) €u(P2CP3; Pi) — d’n(Pi; Pe, P3)/dx" 
Vig rl, £2) Pi, Ps) \r( Pier Pare —rec rs fe 


The constant c,1; in Case II is from the coefficient of #’*! in the 
expansion 


w=ot(a/i)it---+(o/ve)irt--- 


of the integral w of the first kind at the singularity P; of the elementary 
integral of the second kind ¢,(P;) defined in Section 36. For the inte- 
grand 7,(«, y; P:) of this latter integral we have at P; 


n(x, y; Pi)dx/dt = — vo + 1)!/Pt2? + dy + Ad +---, 


and hence the product w 7,(x, y; P:) has at P; the residue —c,.,, which 
is its only residue. The result in the table has its sign changed since the 
period sum at the top is the negative of that evaluated in Theorem 37-1. 
If P, is a finite place («, y) =(a1, v1) and not a branch place then 


C41 = [ap (ax, y)/dax’ | env = YO(x;, 93), 


where y is the integrand of w. The second value for the period sum in 
Case II is valid for such a place. 

The proofs for the other rows of the table are similar, with the ex- 
ception of Case VI which is discussed below. For simplicity it is under- 
stood that in each of Cases III-VI the places P involved are distinct 
from each other. The integrands »,(«, y; Pi) and n(x, y; Ps, Ps) of ¢(P:) 
and (Ps, P;) are represented by »,(P; Pi) and n(P; P2, P3). If some of 
the places P;, P2, P; in Cases IV and V are at infinity or branch places 
the values of some of the functions 7 or their derivatives must be re- 
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placed by suitable coefficients from the expansions of the products 
ndx/dt. In all cases where integrals occur their paths of integration are 
supposed to be on the simply connected surface T’ unless otherwise 
specified. In Case VI, for example, the symbol 7(PiCP2; Pi, Pz) repre- 
sents the value of r(Pi, Ps) taken along a path C from P; to Ps, and 
the paths C, C’ are supposed to be distinct from each other and the 
period cuts. 

The result in Case VI requires a proof slightly different from that of 
Theorem 37-1. The integral of rd’, where 7’=7(P{, Ps), taken 
around the boundary of the surface T’’ for 7, is 277 times the sum of 

by, 


Cc} 


ay 


Fie. 37:1 


the residues of rn(P; Pi, Pz) on T’’. The part of this integral arising 
from the cuts a,, b; is the period sum B,A ;} — A,B; , as before. The part 
arising from the loops L enclosing P; and P: in Figure 37-1 is 


7” 
— | ax’ = —an’| + [ wan. 
L m L 


The first term on the right vanishes since 7 and 7’ have the same values 
at m and n. The second is 277 times the sum of the residues of the 
product 2’n(P; Pi, P2) at P; and Py» which is 


1’ (P3) =s 1’ (Pe) = a(PiCP.; ie Ps); 


The sum of the residues of rn(P; P/, Pd) on T’’ is 
n(P{) aad 1(P? ) Se mw Pi CP : Pea Boe 
Hence the formula of Case VI is justified. 


38. Construction of fundamental systems. There are two methods 
of constructing fundamental systems of integrals of the first and second 
kinds which will be explained here in Theorems 38-1 and 38-2. 
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THEOREM 38-1. Let w; (i=1,---, p) be a fundamental system of 
integrals of the first kind with integrand functions p,(x, y), and let P, 
=(x,, vx) (R=1,°--, p) bea set of p finite places distinct from branch 
places such that the determinant | wi( Px) | is different from zero. Then the 
system w;, €o(P;) (G@=1, +--+, p) is a fundamental system of integrals of 
the first and second kinds. 

From Lemma 26-1 we know that finite non-singular places P;.(k =1, 
- ++, p) can always be selected so that the determinant | ¥:(P;) | is 
different from zero. 

If the periods of w; and {o(P;) are respectively Aj, Bj, and A;/, 
B;i then Cases I and II of the table in the last section give the period 


relations 
(38-1) AL ae 
Ajit Bui aa By An SS 27ip,.(P;). 


If we could determine constants c;, d; not all zero and a rational func- 
tion n(x, y) such that 


(382) Cp; ods Call a) = We, 9) 
then we should have 
(38-3) CeAy ded at = 0, ¢;By + 4;Byl = 0, 
and hence from the period relations (38 - 1) 
dat P;) =.0. 


The constants d; must therefore all be zero, and the constants c; also, 
from equations (38-3). It follows that no relation of the form (38-2) 
with constants c;, d; not all zero is possible, so that the integrals, w,, 
6o0(P,;) surely form a fundamental system, according to Theorem 36:2. 

Lemma 38-1. A necessary and sufficient condition that a set of rational 


functions ,(x, vy) (v=1, - ++, s) be linearly independent on T is that the 
determinant 
v1 meee Ws 
pal eve 
(s=1) (s—1) 
a ea 


ts not identically zero on T, where W§” =d"yp,/dx. 
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If D is not identically zero the functions y, are evidently linearly 
independent. If D=0 then at least when s=1 the function y, is identi- 
cally zero and satisfies a linear relation c¥,=0 with c~0. Suppose then 
that the theorem is true for s—1 functions. It follows that there is a 


linear relation between yu, - - - , ¥._1 if the determinant 
vi ‘ek Ws-1 
(s—2) (s—2) 
Vi ine Vs-1 


vanishes identically. If this last determinant does not vanish identically, 
then near a place where it is different from zero there are functions 


Ai, - >: , Ast Satisfying the equations 
ive Se Aa os = 0, 
(s—1 (s—1) (s—1) 
Avi foo ben +h =, 


since D=0. By differentiating these equations we find that 


Arya o+- + +Aiwe1 = 0, 


(s—2) 


(s—2 
My qin me Asa s—1 = 0, 


from which it follows that \y, -- - , As-1 are constants and W,---, 
are linearly dependent. 
CoroLiary. For the integrand functions p(x, y) (t=1,---, p) of a 


fundamental system of integrals of the first kind the determinant D is not 
identically zero. 

This is evident from the lemma above since the functions y; are 
linearly independent. 

THEOREM 38-2. Let w;(t=1,---, p) be a fundamental system of in- 
tegrals of the first kind with integrand functions p(x, y), and let P=(E, n) 
be a finite place, distinct from the branch places, at which the determinant 
D for the functions p; is different from zero. Then the system wi, €:-1(P) 
(¢=1,---, p) is a fundamental system of integrals of the first and second 
kinds. 

To prove this let the periods of w,; and ¢;-1 be denoted by Aji, Bj: 
and A,/, B,;/. Then from Cases I and II of the table of Section 37 we 
have the period relations 
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A Bui aa ByAxi = 0, 
(38-4) 
Aji Bur — Byi Axi = — Qnivi (, n)- 
If there were a relation of the form (38-2) with ¢o(P;) replaced by 
¢;(P), we should have, from (38:3) and (38-4) 
G-1) 

dj x (E, n) = 0 G,k = 1, ra 2 
Since D0 at (&, 7) this implies that the constants d; are all zero, and 
from (38-3) that the same is true of the constants c;. Hence the func- 
tions w;, ¢;-1 form a fundamental system as stated in the theorem. 


39. Normal integrals. If w; ({=1, --- , p) isa fundamental system 
of integrals of the first kind with periods Aix, Bi, (i, R=1, - - - , p) then 
the most general such integral 

W = cy += 4 eo, 
has periods 
A, = CA az; By = ciBix. 


Since the determinant | 4;,| is different from zero, according to The- 
orem 35-2, the constants c; can be determined so that the periods A, 
have arbitrarily assigned values. 

THEOREM 39-1. There exists a fundamental system of integrals of the 
jirst kind 


W;= {uc y)dx (ied se 5p) 


with a table of periods of the following form: 


A 1 A 2 ced A p By, By ae Bs 
W, 211 0 nL 0 2011 2a49 wet 2a1p 
W. 0 211 Seat WS 0) 2a91 2a29 ce a 202 p 
W » 0) 0) ts Qri 2a p1 2a pe ao Zilina 


Such a system is called @ NORMAL SYSTEM OF INTEGRALS OF THE FIRST 
KIND. The integrands V;(x, y) of the integrals of a normal system are 
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uniquely determined and are linearly independent. The matrix of half- 
periods aj, =aix+a;% (—1)"? is symmetric and the quadratic form ajx2:%% 
is positive definite. 

The period relation of Case I of the table of Section 37 applied to W; 
and JW, shows that the matrix a,; is symmetric. The periods of W =2;W; 
are A, =2712;, B,=2z2;a;,. The relation 35-3 applied to these periods 
shows that for every choice of real numbers z; not all zero the quadratic 
form @j,2;2; 1s positive. 

THEOREM 39-2. There exists an elementary integral of the second kind 


Z,(P) = {ac Ss Pee 


having no other pole except one at a place P on T where it has an expansion 
LAL, = yi /prt + Co + Cit + eueras 


and having all its periods A,=0 (k=1,---, p). If the singularity 
P=(é, n) of Z,(P) is a finite non-singular place then the values of the 
periods B,. for the integral Z,(P) are B,=WV).(é, n), where the functions 
WV, are the integrands of a normal system of integrals of the first kind, as 
described in Theorem 39-1. Such an integral 1s called a NORMAL INTEGRAL 
OF THE SECOND KIND with pole of orderv-+1 at P. Its integrand H,(x, y; P) 
=H,(Q; P) is uniquely determined. Furthermore, 


(39-1) H,(Q; P) 
(39-2) AAQ; 2) 


HP; Q), 
d’H (QO; P)/dé’. 


I 


From Section 24 we know that there is an elementary integral 
¢,(P) of the second kind with an expansion of the form 


Lita SP oh ae re 


at the place P and no other pole. The most general such integral has 
the form 


Zk) = CaP) ++ C,Wy + pend ie + CpWp, 


where the constants c; are arbitrary. If they are chosen so that the 
periods A; of the sum are zero then the resulting integral Z,(P) has an 
integrand which is uniquely determined. From the period relation of 
Case II of the table of Section 37 applied to W;, and Z,(P) it follows 
that B,=W,(£, 7), as indicated in the theorem above, when P is 
finite and non-singular. The symmetry of Ho(Q; P) is a consequence of 
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Case IV of the table of Section 37 for u=v =0, since the periods A;, Ay’ 
of Z,(P), Zo(Q) are zero. The last equation of the theorem is similarly 
a consequence of Case IV of the table applied to Z.(Q) and Z,(P) with 
the help of the relation (39-1). 

THEOREM 39-3. There exists an elementary integral of the third kind 


(P;, Ps) = [4, ¥; Ps Py) de 


having expansions of the forms 
Hi( Pi, P2) = log t= eg + Gite - = Utebw 
II(Pi, Ps) = — log f+ dy + dit +: -- at Ps, 


and no other singularities, and having periods A,=0, B,.=W (PiCP2), 
where the path of integration C is on T’. Such an integral is called a 
NORMAL INTEGRAL OF THE THIRD KIND. I/¢ts integrand is uniquely deter- 
mined and has the value 


(39-3) HiO: Ps P,) = Z)(PiCP2; Q) 


where the path of integration C is on T’. The integrand H, of the integral 
Z(P) of Theorem 39-2 is expressible in terms of H(Q; P:, P2) in the form 


(39-4) HQ; P) = @’*1H(Q; Pi, P)/de'*". 


The most general elementary integral of the third kind with singu- 
larities at Pi, P2 has the form 


II(P,, Px) = (Pi, Py») + C1Wy, oa = a + CpW yp. 


If the constants c; are chosen so that the periods A, of this sum are all 
zero the resulting integral I[(P;, P2) has an integrand which is uniquely 
determined. The period relation of Case III of the table of Section 37 
applied to W; and II(P1, P2) shows that the periods B, have the values 
indicated in the theorem. The formula (39-3) of the theorem is a con- 
sequence of Case V of the table of period relations applied to Zo(P) 
and I(P;, Ps), since the periods A; of both of these integrals are zero. 
Equation (39-4) for y=0 is the result of writing (39-3) in the form 


H(Q; Pi, P) = Z)(PiCP; Q) 
and differentiating with respect to the coordinate & of P. Equations 
(39-1) and (39-2) then justify (39-4) for other values of v. 


There are a number of properties of normal integrals of the third 
kind which should be mentioned. These are given in the following list, 
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and the proofs are indicated below. The paths of integration of in- 
tegrals in the same formula are the same unless otherwise indicated. 
The paths C, C’ are on 7’ and distinct from each other. In IV the point 
P=(£, n) is supposed to be finite and not over a branch point. 


I. (Pi, Pe) + W(P2, Ps) +--+ + T(Ps, Pi) = 0 
MiP, Ps) = P,P) — CP, P) 
TDAP CPP PLS UPC Pie, Pa 
HI PCP Ps Pe) = CPC Pl Pr TP CPL PRP) 
WV > -ZAPCPS Py = PO PCP. Py, P) fae’. 


The first member of the first equation in I is an integral with no 
singularities and periods A; all zero. Hence it is identically zero. The 
second formula under I is a special case of the first. The formula IT is a 
consequence of the sixth period relation of the table of Section 37, since 
for the two normal integrals of the third kind involved the periods 
A,, A? are all zero. Formula III is readily deduced from formula II 
and the second formula under I. Formula IV is the result of integrating 
equation (39-4) along the path C from P; to Py. 


40. Expressions for rational functions in terms of integrals. Every 
rational function n(x, y) is expressible as an Abelian integral of the sec- 
ond kind. For the algebraic function y(«) defined by the equation 
f(x, y) =0 and the derivative of y(x) satisfy the equation 


fda, 9) + fa, vidy/du = 0, 
and hence 
dn(x, y)/dx = (nafy — nufs)/fy- 


Consequently 
(40-1) n(x, ye n( Xo, Vo) ate { (aaly % Ny dx] fy, 
- 


where C is a path of integration on 7’ joining (2, yo) to (x, y), and the 
integral is of the second kind since n(x, y) has no singularities other than 
poles. 

THEOREM 40-1. Every rational function n(x, y) on the Riemann sur- 
face T is expressible by the formula (40-1) as a sum of a constant and an 
Abelian integral of the second kind whose periods are all zero. Conversely, 
every Abelian integral of the second kind whose periods are all zero is a 
rational function n(x, y) on T. 


CARNEGIE HNNSTITUTE 


ME SH PRA RE i arr q Po & NZ 
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It is evident that the integral in (40-1) has periods all equal to zero 
since n(x, y) is single-valued on the surface 7. Conversely, an integral 
of the second kind whose periods vanish is rational in x, y since it is 
single-valued on T and has only poles as singularities, according to the 
corollary of Theorem 19-1. 


THEOREM 40:2. Let 
(40: 2) Cte Eee ee 


be the principal part of the expansion at a pole P of a rational function 
n(x, y) on T. Then n(x, y) is expressible in terms of normal integrals of 
the second kind in the form - 


Cy 

(40-3) ney) =D azo P) oe Se ET ae) a 
P y= 
where the sum ts taken for all the singularities P of n. If these singularities 
occur only at finite non-singular places P =(é, n) on T, then 
ey = 
(40-4) Si ece yan ee o, (Fy) =6 
P (v—1)! 


(2 eee) 


Conversely, if a set of such places P=(é, n) and constants c satisfy the 
equations (40-4), then the second member of equation (40-3) is a rational 
function of x and y with the singularities P and principal parts (40-2). 

The expression (40:3) for (a, y) is a consequence of Theorems 40-1 
and 36-1. The period A; of the second member of (40-3) is zero since 
all of the integrals Z,,(P) involved are normal integrals. Since n(x, y) 
is single-valued on T the period B; of the second member of equation 
(40-3) must also be zero, and according to Theorem 39-2 this fact is 
expressed by the equation (40-4). Conversely, when the equation 
(40-4) is satisfied the second member of equation (40-3) is single- 
valued on 7 and has no singularities except poles, so that it is indeed 
a rational function of x and y. 

THEOREM 40-3. The logarithm of a rational function n(x, y) on T is 
expressible as an Abelian integral 


log n(x, vy) = log n(x, yo) + ‘| dn/n 
Cc 


(40-5) 


log (Xo, Yo) os { (n aly ‘< nuf 2)dx/nfy. 
(64 
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The only singularities of this integral are logarithmic singularities at the 
zeros and poles of n(x, y). If at such a place 


(40-6) n(x, y) = cl? +--- ( = 0) 
then log n has at that place an expansion 
(40-7) logn =vlogitotat+--:-. 


The periods of the integral for log n are all integral multiples of 271. 

The first statement of this theorem is evident. At a place where 
n(x, y) has the expansion (40-6) we see that the expansion for dy/ndt 
has the form 


dn/ndt = v/t — Cy — Cot ot a Og 


from which it follows that the integral for log 7 has an expansion 
(40-7). The periods for log 7 are integral multiples of 277 since on 
opposite sides of a period cut the values of 7 are the same and the values 
of the integral in (40-5) therefore can differ only by integral multiples 
of 2771. 

THEOREM 40-4. Every rational function n(x, y) on the Riemann surface 
T is expressible in the form 


(40-8) (x, y) = c Exp | PALO ho 7) Wane DANO HEY EN cores, Ai. | 
P 1 


where i has the range 1,-- +, p, cis a constant, the symbol Exp stands for 
the exponential series, the sums are taken for all the zeros P and poles P’ 
of n(x, vy), and the coefficients n; are integers. Furthermore there exist 
integers m;. such that the equations 


(40-9) DWP) — DWP’) = Wmeri — Injap (k = 1,--- , D) 
P P’ 


hold. Conversely, if for a set of places P and an equal number of places P’ 
there exist integers m,, n; satisfying the equations (40-9) then the second 
member of equation (40-8) is a rational function of « and y whose zeros 
and poles are the places P and P’ respectively. 

If n(x, y) is a rational function with zeros P and poles P’ then ac- 
cording to Theorem 40-3 the difference 


logy — DMC(P, Po) + DMP’, Po) 


has no singularities and is an integral of the first kind, say n,;W;. It 
should be noted that the set of places P will contain a particular place 
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P, a number of times if Py is a zero of order yy of n(x, y). A similar 
remark holds for the set P’. Hence 7 has the form indicated in equation 
(40-8). The quotient of the values of the second member of this equa- 
tion at places on opposite sides of a cut a; is Exp [2,77] and m; must 
therefore be an integer since the quotient of the corresponding values 
of n(x, y) is unity. Similarly with the help of Theorems 39-1 and 39-3 
it is seen that for two places on opposite sides of a period cut 6, the 
values of the second member of (40-8) have the ratio 


Exp| > > SW.(P) — Aye e(P’) + 2ne; 52 | 


Since this ratio also must be unity it follows that there are integers 7, 
for which equations (40-9) are satisfied. 

Conversely, if equations of the form (40-9) hold for two sets of 
places P and P’ then one can readily see that the second member of 
equation (40-8) is single-valued on T and has zeros at the places P 
and poles at the places P’ and no other singularities. It must therefore 
be a rational function. 

COROLLARY. ABEL’S THEOREM FOR INTEGRALS OF THE FIRST KIND. 
If a set of places P and an equal number of places P’ are respectively the 
zeros and poles of a rational function n(x, y), then for every integral w of 
the first kind with periods A,, By, there exist integers my, n, such that 


(40: 10) > w(P) — Do w(P’) = mAg t+ mB. 
fe 1D 


Conversely, if for a set of places P and an equal number of places P’ and 
every integral w of the first kind there exist integers my, nj; satisfying the 
equation (40-10), then the sets P and P’ are the zeros and poles of a rational 
function. 

If the integral w is expressed in terms of the fundamental system WW’, 
(k=1,---, p) in the form w=c,W; the equation (40-10) is an im- 
mediate consequence of (40-9). Similarly (40-10) applied to an integral 
W,. gives (40-9). 

The theorem of the corollary is a special case of a famous theorem 
of Abel which is to be discussed in the next chapter. 

It will be interesting to study for a moment the case when the genus 
p is zero, and to analyze the analogies between the theorems of this 
section and the theorems concerning rational functions of x which 
were developed in Section 6 of Chapter I. When »=0 the Riemann sur- 
face T is itself simply connected and needs no period cuts to make it so. 
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There are no integrals of the first kind, and every integral of the second 
kind is single-valued with no singularities except poles on 7, and hence 
is a rational function of x and y. The integrals of the third kind have 
periods due to their singularities but no others. In the case p=0 the 
class of all rational functions of x and y and the class of all integrals of 
the second kind are evidently identical. When p>0 the class of inte- 
grals is the larger. In that case the integral Z(P), for example, is a func- 
tion with a single simple pole; and according to Theorem 26-4 there is 
no rational function of « and y with this property when p>0. 

The complex x-plane is the Riemann surface T of the simple alge- 
braic function y(x) of genus p=0 defined by the equation y—x=0. On 
this surface the integral Z,(P) is a rational function with no singularity 
except a pole at the place P = € at which it has an expansion p!/(a—&)’+! 
+ceotea(x—£)+ ---. The function v!/(a—£)’+1 has these properties 
in the x-plane, and one readily sees that it can differ from Z,(P) by at 
most an additive constant. The difference Z,(P)—v!/(x—£)’t! is in 
fact a rational function with no poles and hence a constant. We see then 
that in this case the expansion for Z,(P) at the place P has no terms with 
positive exponents. It is evident therefore that the expression (40-3) 
is a generalization of the formula (6-1), described in Theorem 6:6 of 
Chapter I, expressing a rational function (x) in terms of the principal 
parts of its expansions at its poles. 

Similarly the formula (40-8) above is a generalization, of a some- 
what more complicated sort, of the formula (6:2) described in Theorem 
6-7 of Chapter I. When p=0 there are no integrals of the first kind and 
formula (40-8) can be written in the simpler form 


(40-11) = n(x, y) = c Exp | SOUCP, Po) — DUMP’; Ps) i 
iP Pi 


Since p=0 the integrals II have as periods only integral multiples of 
2ni and each of the factors Exp[II(P, Po) | is single-valued on T with a 
simple zero at P and a simple pole at Po. Hence each such factor is a 
rational function of x and y. For the simple case y—«=0 one readily 
verifies that 


Exp [0(P, Po)] = v(x — §)/(* — £0), 


where y is a constant, so that formula (40:11) expresses a function 
n(x) in the x-plane as the quotient of the product of the factors (x —§&) 
belonging to its zeros by the product of the factors (~—£’) belonging 
to its poles. 
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CHAPTER VI 
ABEL’S THEOREM 


41. Introduction. The theorem to be studied in this chapter is a 
most remarkable and extensive generalization, discovered by Abel, of 
the addition formulas for elliptic integrals. In the history of mathe- 
matics there have been few instances in which as great an advance has 
been made by one writer at one time, and the theorem is one which 
every mathematician should know. Its applications range from the 
addition formulas for elementary trigonometric functions to the most 
advanced theories of algebraic geometry and multiply periodic func- 
tions of several complex variables. 

In the following pages two forms of the theorem are given. The first 
form, in Section 42 below, is more nearly the original theorem as stated 
and proved by Abel [1, vol. 1, pages 146-149]. The proof as given in 
Section 42 is relatively elementary but is based upon restrictive assump- 
tions which are undesirable. The second and more general discussion of 
the theorem in Section 45 includes the preceding as a special case and 
affords a more satisfactory proof. In Sections 43 and 44 the applications 
of Abel’s theorem to elementary transcendental functions and elliptic 
functions are given. Section 46 contains a formula for expressing a sum 
of p+1 Abelian integrals in terms of p such integrals, and the last sec- 
tion of the chapter is devoted to the proof of a lemma used in Section 42. 


42. A first form of Abel’s theorem. The theorem to be described 
here has to do with the intersections of a curve f(x, y) =O with a second 
curve g(x, ¥, di, -- - , ds) =0 which depends upon a set of parameters 
a, (o=1, - - - , Ss). We shall suppose as usual that f(«, y) is an irreducible 
polynomial, and that g is a polynomial in « and y with coefhicients which 
are rational in the parameters a,. For a particular set a/ (¢=1,-- - , 5) 
it is assumed that the zeros of the polynomial g are all simple and at 
finite non-singular places (x;, y;) ({=1, - - - , uw) on the Riemann surface 
T of the equation f=0. There will be no loss of generality in requiring 
further that the values «; shall all be distinct, and similarly for the yi, 
since if this is not the case it can readily be brought about by a simple 
linear transformation of the form «’=ax+by, y’=cx+dy with constant 


ek 
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coefficients. When the properties just described hold for the sets (2;, y,) 
corresponding to the particular values a/ they will hold also in a neigh- 
borhood of these values, and it is to such a neighborhood that the fol- 
lowing theorem will apply. 

THEOREM 42-1. A First Form oF ABEL’S THEOREM. The sum of the 
values of an Abelian integral 


[= fn, y)dx 


taken on the Riemann surface T of an irreducible algebraic curve f(x, y) =0 
froma fixed place (x0, yo) to the variable intersections («;, yi) (i=1, - - > ,m) 
of this curve with a second curve g(x, ¥, i, - ~~ , as) =0 of the kind de- 
scribed above, is expressible in the form 

(27 ,yi) 


(42-1) S n(x, y)dx = p(a@i --- , Gs) 


v (r9,Yo) 


+ cx log re(ai,--- , ds) +P 


where the functions p and r, are rational in the parameters a,, the sum cy, 
log rx contains only a finite number of terms and has constant coefficients 
cz, and P is a suitably selected period of the integral. 

If it is agreed that the paths of integration of the integrals in equa- 
tion (42-1) shall all lie on the surface 7’ of the integral J then the period 
P can be thought of as part of the functions p and omitted. 

To prove the theorem we note first that the values x; are the roots 
of an equation 


(42:2) Os, G42, Ge) =O 


found by eliminating v from the equations f=0, g=0. The function 0 
is a polynomial of degree u in « with coefficients rational in a1, - - + , ds, 
and having distinct roots «; for the parameter values which we are con- 
sidering. For each of these roots «; the greatest common factor of f(x;, y) 
and g(xi, Vv, a1, -- : , as) is linear in y. By the greatest common divisor 
process applied to f(x, y) and g(x, y) we find therefore an equation 


Ve = Wwe Gays 5 Ge) 
which gives us the corresponding value y;. The function yw is rational in 
its arguments and is the same for all roots y;. The sum 


(ri,yi) 


5 =->5 n(x, y)dx, 


(29 Yo) 
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when the paths of integration are on 7”, is a single-valued function of 
the parameters ai, -- - , a, and has the differential 


dS = (xi, vida; 
where the differentials dx; are determined by the equations 
O.(«;, a1, --- , d,)dx; + O,,(x;, a1, --- , d,)da, = 0 


in which the second term is a sum with respect to a and the first is not 
a sum with respect to 7. Hence 


ads = — da, 9( 23, yi) O.,( x, 2)/02(4;; @) 
= R,(a,--- , as)daz, 
where the coefficients RK, are rational in ai, - - - , ad; since they are sym- 


metric in the variables x; and therefore expressible rationally in terms 
of the coefficients of the equation (42-2). Theorem 42-1 is an immediate 
consequence of the last form for dS since a single-valued function S$ 
whose differential has this form is expressible as a rational function of 
ai, ---,a, plus asum of constants times logarithms of such functions. 
This last statement is a theorem from integral calculus, an explicit 
proof of which is given in Section 47 below. 


43. Elementary applications of Abel’s theorem. The familiar addi- 
tion theorems for elementary transcendental functions and elliptic func- 
tions can be proved by means of Abel’s theorem. In this section a num- 
ber of such proofs will be given in order to illustrate the methods which 
may be used in making other applications of the same sort. The follow- 
ing lemma will be found frequently useful. 

Lemma 43-1. Jf h(x) is a polynomial of the n-th degree with distinct 
roots %1, °° +, Xn, and if g(x) is a polynomial of the m-th degree, then the 
sum 


g(x;)/h'(xi) = ¢ 


where c is the constant term of the quotient found by dividing xg(x) by h(x). 
According to the theory of partial fractions 


ag(u)/h(x) =¢+ ce ++ +> + Doig (ai) /(x — x;)h'(x;) 
where the constants ¢, 4, - : - are all zero unless m+1 =n. For x=0 this 


gives the desired result at once provided that none of the roots «; is zero. 
If one of them is zero the term corresponding to the root *;=0 in the 
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sum in the second member of the last equation vanishes, and for x=0 
the equation becomes 
g(0)/h'(0) = ¢ — Dig(x;)/h'(xi), 
j 
where the last sum is taken for the roots x;#0 only. But this equation 
gives again the conclusion of the lemma. 


The addition formula for sin x is deducible from that for arc sin 2, 
and the latter is the addition formula for the integral 


I= f ax/y 


on the Riemann surface of the algebraic function defined by the equa- 
tion f(x, y) =x?+y?—1=0. If we intersect this curve f =0 by the straight 
line g(x, y, a, 6) =y—ax—b=0 the coordinates x;(i=1, 2) of the points 
of intersection (x;, y:) will be roots of the equation 


O(«, a, 6) = (a? + 1)? + 2adx + 0? —1=0. 
Their derivatives with respect to a and b are 
dx;/da = — O,(x;, a, b)/O'(xi, a, b) = — 2x;y;/O0'(xi, a, dD), 
dx;/0b = — O,(xi, a, b)/O'(x:, a, 6) = — 2y,;/O'(x;, a, 5), 


where the primes indicate derivatives with respect to x. Hence the sum 


S(a, 6) = [ ax/y oe [ax y 
0 0 


has the derivative 


Sa=— > 52«,;/0'(x:), Ss = — )52/0'(x;). 


According to Lemma 43:1 these have the values 
Sr = Eft eae), S, = 0 
and therefore 
S = — 2arc tan a = arc sin [— 2a/(1 + a)], 


the additive constant of integration being zero since a=0, b=1 gives 
#1 =a2=0 and S(0, 1) =0. From the equations 
ysants, y=am+b, a=(y—y2)/(m— 2), 


ee (1 as as yo. = (1 = Cy es 


[ $44 ] ABEL’S THEOREM 123 


we find after simple calculations that 
— 2a/(1 + a?) = xyyo + xy. 


Hence 


a Xo LyYotr TW 
dx/y + i} dx/y = arc sin (x1yo + xey1) = f dx/y 
0 0 0 


which is the addition formula for arc sin x. - 
The addition formulas for 


log x = if dx/x, arc tan x = {| dx/(1 + x?) 
1 0 


can be found in a similar manner by means of the polynomials f(x, y) 
=y—x and g(x, y, a, 6) =x? +ax+0. 


44. Addition formulas for elliptic integrals.* The addition formulas 
for elementary elliptic integrals can be most conveniently calculated 
for the algebraic function defined by the equation 


(44-1) y? — x(1 — x)(1 — k?x) = 0. 


The three elementary integrals for this function have the form 
i,= [ ax/s, I,= fa — k*x)dx/y, in= f ava + nx)y. 


These are readily transformable into the usual Legendre types by the 
substitution « =z’. 

If we intersect the curve (44-1) by the straight line y—ax—6b =0, the 
coordinates x; of the three points of intersection («;, y;) (¢=1, 2,3) are 
roots of the equation 


(44-2) -O(x, a, b) = k?x* — (1 + k? + o?)x? + (1 — 20d)m-— b? = 0, 
and their derivatives with respect to a and 6 are 

Ox;/da = 2x;y;/0'(x;), dx;/0b = 24;/0'(x;). 
Hence for the integral of the first kind /; the sum 


foe | x2 u% 
S(a, 6) = if dx/y + { dx/y+ dx/y 
0 0 1/k 
* See Barnum, Abel’s theorem and the addition formulae for elliptic integrals, Annals of 
Mathematics, 2nd Series, vol. 11 (1910), pp. 103-114. 
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has the derivatives 


Sa = >,2x,/0'(x:) = 0, S, = >.2/0'(x;) = 0, 


according to Lemma 43-1, and we see that S(a, b) =C. 
To eliminate the constant C we may substitute in place of a1, %2, v3 
a set of the special form 0, x’, x3. Then 


{| dx/y + j| dx/y =C, 
0 1/k? 


and by subtracting this from the equation S(a, b) =C we find 


(44-3) i dv/y + f dx/y = [ dx/y. 
0 0 0 


The relation between the coordinates «1, 22, x3 of the intersections Py, 
P2, P; of the curve (44-1) with the straight line y=ax+0, and the co- 
ordinate x’ of the intersection point of the line through P; and the 
origin, is shown in the accompanying figure for the case when the curve 
(44-1) and the line y=ax+0 have real graphs. 


* 


Fic. 44-1 


The places P:= (a, 1) and P:=(x2, v2) are supposed to be given in 
advance. They determine successively P;= (a3, ys) and P’=(x’, y’). 
The coordinates of P; and Pz: satisfy the equations 


Vie = oy Wee a ae ye = xXo(1 — x2)(1 — k? x9), 
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and determine the coefficients a, bof the straight line joining them by 
means of the equations 


vy =ax,+ 8, Vo = AX. + O. 
It turns out that only the value 
(44-4) b = (xiye — Xey1)/(41 — Xe) = x1%0(1 — R2xixe)/(xiye + %291)- - 


is needed. From equation (44-2) we see that +3;=0?/k?x\x2. For the 
straight line through the origin and (ws, ys) the constant b is zero, and 
from the coefficient of x in (44-2) it follows that x’x;=1/k?, so that with 
the help of (44-4) 

(44-5) x’ = X1Xs be [(xiye + x2V1)/(1 — h2x149) |?/x 20. 


The addition formula for integrals of the first kind is the formula (44:3) 
with the value (44-5) for x’. 

When the substitution x =z" is made this addition formula takes the 
well-known Legendre form 


ip dz/Y + I dz/Y¥ = { dz/Y 
0 0 0 


V2 = (1 — 2)(1 — 222), 
3! = (21V2 + zoV1)/(1 = hz 2o 5 


where 


The addition formulas for the integrals of the second and third kinds 
are as follows: 


f (1 — k*x)dx/y + { { + 2k?( x x24")!/?, 
0 0 0 
{ , dx/(1 + nx)y + if { i. 

0 0 0 


where the integrands not indicated are the same as the preceding ones, 
x’ has the value (44-5), and M has one or the other of the values 


n(px4X2)!!2 x’ 
(1 + nx’)x ll? — ny! (xya)1!? 
1+ nx’ — bny’ + bnx’(— p)!” 
1+ nx’ — bny’ — bnx'(— pile’ 


where b=(a%2/x')"/? from (44-5), and y’?=x/(1—x’)(1—k?x’). The 
two forms for M are given so that when » and & are real only real ex- 


M = (2/p'/) arc tan 


= [1/(— p)"?] log 
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pressions need occur. The first is to be used when p=(1+)(1+h?/n) 
is positive, and the second when is negative. If complex quantities are 
allowed arc tan w is always expressible in terms of a logarithm by means 
of the formula 


arc tan u = (1/21) log [(i — u)/(it+ u)]. 


The proof of the addition formula for the integral of the second kind 
is quite as simple as that for the integral of the first kind. For the inte- 
gral of the third kind Lemma 43-1 must be applied for the function h(x) 
=(1-+mx) O(x). The integrations in order to find S(a, b) from its deriva- 
tives S, and S, are more complicated, but are elementary in character. 


45. Abel’s theorem in more general form. The theorem to be proved 
in this section is the following one: 
THEOREM 45-1. On the Riemann surface T of an irreducible algebraic 


equation f(x, y) =0 let 
i fn, y)dx 


be an Abelian integral with periods A;, B; across the period cuts ax, by 
(k=1,---, p). Suppose further that &(x, y) is a rational function on T 
with zeros P;=(x:, yi) and poles P} =(x!, yi) (t=1,---, g) distinct 


ae 


from the singularities of I. Let D be a simply closed curve on T containing 
all of the singularities of I but no zero or pole of &. Then 


q (ri,vid (xi’ ui’) 
(45-1) | { ndx — i nds | 
i=1 (29,V0) ( 


9,0) 


Fic. 45-1 


= [sam of residues of n logé in dD} + mrpA;y + 1;,By 
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where xo, Yo 1s an arbitrary place on T and the coefficients m, and nx are 
integers. 
To prove the theorem let 7’ represent the integral 


I’ = log &(x, y) = log &(x0, yo) + f Sa PAO IES 
c 


with properties as described in Theorem 40-3. The surface T with the 
cuts indicated in Figure 45-1 is a surface 7’’ for the integral J. On 
its boundary B’+D 


{ IdI' = f Idé/é 
B’+D Bi-eD 


(45-2) = 2rilsum of residues of (I/&)(dt/dx) on T” | 


q 


2Qn1 Site SE ieee AN sy | 


t=1 


But this integral can be calculated in another way also. By an argument 
like that used in proving Theorem 37-1 


(45-3) { TdI' => A,B — B,A;# = 2ri(m,A t — n;Bx), 
B’ 


where the coefficients m, and m; are integers, since the periods A;, Bf 
of J’ are all integral multiples of 277 as stated in Theorem 40-3. 


Furthermore 
— fran 
D 


m 


(45-4) f Id’ =TT' 
D 


where m and are the places indicated in Figure 45-1. Since the sum 
of the residues of 7 in D is zero, and since D contains no zero or pole of &, 
the values of both J and J’ are the same at m and m and the first term 
on the right side of equation (45-4) vanishes. The second has the value 


(45-5) i I'dI = — 2nilsum of residues of n logé in D], 
D 


the negative sign being taken since in (45-2) the integral around D is 
taken in clockwise sense. The formulas (45-2) to (45-5) justify the 
statements in the theorem. 

It should be remarked that the sum on the left in equation (45-1) 
can be written in the form 


= 

“or 
rs 
n 

— 
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d (ti, yi) 
ye { ndx 
i=1 Cages rage 
for a quite arbitrary pairing of the zeros and poles of &(«, y), provided 
that the paths of the integrals here and in formula (45-1) are all on 
the surface 7’’. If there is no restriction on the paths the last expression 
may differ by a period of the integral J from the sum in the first member 
of (45-1). If the path of one of the integrals in the equation (45-1) is 
properly modified the two sides of the equation will be equal for the 
values m, =n, =0. 

CoroLiary 1. If E(x, y) is a rational function of parameters ay, 

, a, as well as x, y then the bracket on the right in equation (45-1) has 

the form 


(45-6) p(@i,~>- ~@s) + ¢; log r;(@, - - 2, Ge) 


where p and the function r; in the sum c; log r; are rational in a,, ~:~ , Gs 
and the coefficients c; are constants. 

This follows because the expansion of the function log &(x, y, a) ata 
place P, is found by substituting the branch 


x= att, y= oot... 


in € and expanding the resulting function log &(t¢, a) in powers of f in 
the form 


log E(t, a) = log &(0, a) + [€.(0, a)/E(O, a) ](t/1!) + - 


The function & (0, a) and the coefficients of this expansion are rational 
in a, ---, a, and hence the sum of the residues of the product 7 log & 
at points in the interior of D has the form described in the corollary. 

Theorem 42-1 is a consequence of Theorem 45:1 and Corollary 1 
since the poles of a polynomial g(a, y, a) on the Riemann surface 7 
occur only at the poles of the algebraic function y(x) and are therefore 
fixed. Hence the sum of the integrals to the poles (x/, y/) in the formula 
(45-1) is a constant and may be taken into the function p of the ex- 
pression (45-6). The proof of Theorem 42-1 thus supplied by the 
arguments of this section is more satisfactory than that of Section 42, 
since it lays no restrictions upon the positions of the zeros («,, y,) on T 
except that they must be distinct from the singularities of the integral J. 

Coroirary 2. [f the integral I has no logarithmic singularity then there 
are no logarithmic terms in the expression (45-6). 

For in this case the product yndx/dt has no expansion with a term of 
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the form 4A /t, and consequently the function 7 logé dx/dt has no expan- 
sion with a term in ¢~! having a coefficient of the form log £(0, a). 

COROLLARY 3. For an integral w of the first kind, an elementary in- 
tegral ¢,(P) of the second kind, and an elementary integral 7(P;, P2) of 
the third kind, the formula (45-1) of Abel’s theorem has respectively the 
forms 


q 


>> [ w(x, yi) — wai, yi)] = mAy + 1,Bi, 


i=1 


[¢(xi, yi; P) — o(x!, vf ; P)) = — (@* log E/dt +) p + mAy + mBr, 


gq 
=1 


q 
> [r(2:, Vi5 Pr Px) == w(xj, yi ) Ps P.) | 


=1 


= log [E(P1)/E(P2) | + mA + 1 By. 


The first of these formulas is evident since the product y logé dx/dt, 
where y is the integrand of w, has no expansions with negative powers 
of ¢ at places distinct from the zeros and poles of &. The first formula of 
the corollary is also formula (40-10). 

For the integrand n(x, y; P) of ¢,(P) the only residue of 7 logé dx/dt, 
except at the zeros and poles of &, is at the place P, where 


ndx/dt = — (v+ 1)!’ ? +o +cat+t---, 
log E(P) + (d log &/dt)p(t/1!) +--- , 


log £ 


and the residue is therefore as indicated in the second formula of the 


corollary. 
The required residues of 7 log & for the integrand (x, y; Pi, P2) of 
m(P;, P2) occur at the places P; and P2, where 


ndafdt= titeoteat+---, log&=logt(Pi)+::-, 
nadx/dt = —t'+d,+dt+---, logt = log é(P.)+-:-. 


The sum of the residues of 7 logé dx/dt at P; and P» is therefore in this 
case log [E(P1) /E(P2) J. 


46. An expression for p+1 integrals in terms of p integrals. For the 
theorem to be proved in this section the following lemma is important. 
Lemma 46-1. Jf p+1 places Pi. (R=1,-- +, p+1) are selected arbi- 
trarily on the Riemann surface T the matrix || ~,(P,) || of values of the 
integrands yi(i=1,---, p) of a set of linearly independent integrals of 
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the first kind will in general have every one of its determinants of order p 
different from zero. 

It has been shown in Lemma 26-1 that the determinant | y,(P,) | 
for p places P;(j=1, ---, p) will be different from zero unless the p 
places are special. To adjoin a place P,,: with the properties described 
in the lemma let ci, - - - , Cip be solutions of the linear equations whose 
coefficients are the rows of | ~;(P,) | except the 7-th. If P,,: is not a solu- 
tion of any of the equations 


cabi(P) +--+ + cippp(P) = 0 (ee eee 


then the matrix | | ¥:(P,) || will have the properties described in the 
lemma. 

THEOREM 46-1. If a@ set of places Px =(xx, yx) (R=1,---, p+1) ts 
such that the matrix || ¥(Px)|| (@=1, ---,p;k=1,---, p41) has all 
of its determinants of order p different from zero, then there is a rational 
function E(x, y), uniquely determined except for a constant factor, which has 
simple poles at each of the places P,.. If the set of places (x}, y/) (¢=1, 

-- +, p) are the zeros of the function &(x, y) — (x0, yo) other than (xo, Yo), 
then for an arbitrary Abelian integral 


l= fn, y)dx 


the equation 


pt1 (2K Ub) (ail yi’ 


Pp 
(46-1) eT 
t=1 


k=1™ (20,40) 


ndx + p 


(20,.V0) 


+ ¢, log r; + m;A; + 1,B; 


holds, where p and the functions r; are rational in the coordinates (xx, Vx), 
the coefficients c, are constants, and the coefficients m;, n; are integers. 
Since the places P;(k=1,-- +, p+1) are non-special we know by 
Theorem 26:2 that there are exactly «=2 linearly independent mul- 
tiples of 1/P: - - - Pp41, and there will be one of these &(«, y) which is 
not a constant. If we set up a basis for the divisor Q =1 and then trans- 
form it into a basis for 1/P, - - - P,4, normal at x= by the processes 
described in the proofs of Theorems 20:2 and 21-2 we see that the 
resulting functions will be rational in the coordinates (x;, y,) of the 
places P;. Hence £(«, y) will also have this property, since it is a linear 
combination of products of functions of the basis by powers of «, as 
described in the proof of Theorem 21-3. The function &(x, y) must have 
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a pole at each point P; since otherwise £ would be a rational function 
not constant with poles among the points of a non-special subset of 
r<p of the points P;, which is impossible by the corollary to Theorem 
26-2. 

Equation (46-1) of the last theorem is equation (45-1) of Abel’s 
theorem applied to the integral J and the function &(«, y) —&(x0, yo). 
The residues of the product 7 log (—£o) are rational in the coordinates 
(xx, Vx) of the places P;, since &(x, y) has this property, and the sum of 
these residues has the form p+c, log 7; as indicated in Corollary 1 of 
Theorem 45-1. 

The formula (46-1) is an expression for the values of J at +1 places 
P,in terms of its values at the p places P/. 


47. Proof of a lemma. In the proof of the first form of Abel’s the- 
orem in Section 42 use was made of the following lemma which was not 
proved. 

Lemna 47-1. If a function S(x1, - - - , xn) has a differential of the form 


dS = Rix, ace Xn) AX; (4 — ile AW ,”) 


where each R; is rational in x1, -- - , Xn, then S 1s itself expressible in the 
jorm 
= te, es 8) ot Gy LOG 7 (a1, 22> | 5), 


where p and r, are rational in x%,:--: , Xn, the sum cy, log rx contains a 
finite number of terms, and the coefficients c, are constants. 

We know that the lemma is true for 7=1. Suppose it is true for 
n—1 and let us prove it for n. We have 


OS /dx, = Ri (1, aL ve) 
where R; is expressible by the theory of partial fractions in the form 
(47-1) Ry = P(%1, %2,°++,%n) + DN/D. 


In this expression P is a polynomial in x; with coefficients rational in 
X2, °°, Xn; D is one of the irreducible polynomial factors in the de- 
nominator of R;; N is a polynomial in «x, of degree lower than the degree 
of D in x, with coefficients rational in %2, - - - , x,; and the sum is taken 
for all the factors D and exponents p less than or equal to that with 
which D occurs in the denominator of R;.* We may denote the roots of 
D asa polynomial in x; by a, a’, a’’, - - - . We consider them near a set 
of values of x2, - - - , x, for which they are distinct. Then 


* See, for example, Goursat-Hedrick, A course in Mathematical Analysis, vol. I, p. 211. 
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(47-2) N/D* = Sofai/(a. — @) + a@/(a1 — @)? +--+ + a,/(m — a) | 


a 


where a1, - - - , @, are rational in a, x2, - - - , X,. The sum is taken for all 
the roots a, a’, - - - of D, and the coefficients a, for the different roots 
are found by permuting the roots a, a’, : - - in the expressions giving 


them for a. It follows by an integration of (47-1) with respect to x; that 


S = (rational function of x1, -~ > , %n) + Doay log (x1 — a) 


+ C(ae,-- > , Xa) 


since the integral of the sum of the terms after the first in (47-2) is 
symmetric in the roots a and therefore rational in x2, -- - , x, as well 
as 21. The coefficients a, are constants since they are functions of x, 

- , X, explicitly and in the roots a, and since the last equation when 
differentiated with respect to one of these variables, say x;, gives for 


>> (0a1/dx;) log («1 — @) 


a rational function of x. This is impossible unless 0a,/0x;=0. The con- 
stants a; are all equal for the different roots a, since a rational equation 
ai(a, %2,- > - , X,) =Cc, when satisfied by one of the roots a of an irre- 
ducible polynomial D, will necessarily have a factor in common with 
D and therefore have D itself as a factor. The equation will therefore be 
satisfied by all the roots of D. Hence we see that 


ts log (41 — a) = c log D, 


where ¢ is the common value of the coefficients a,. But from the equa- 
tions 0S/dx;=R,(i=2, - - - , m) we now know that C is expressible in 
terms of a2, ---, ”, In the form described in the theorem, which com- 
pletes the proof. 
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CHAPTER VII 


BIRATIONAL TRANSFORMATIONS 


48. Introduction. Two algebraic curves f(x, y) =0 and ¢(£, 7) =0, 
defined by irreducible polynomials f and ¢, are said to be equivalent by 
a birational transformation provided that there is a one-to-one cor- 
respondence between their branches and that this correspondence is 
defined by equations of the form 


(48-1) f= E(x, ¥), n = n(x, ¥), 
with inverses of the form 
(48-2) x == 2, 1); y = y(E, 0), 


where the four functions on the right are rational in their arguments. 
This is equivalent to saying that there is a one-to-one correspondence 
between the places on the Riemann surfaces of the two curves, defined 
by equations of the form (48-1) and (48-2). 

A Cremona transformation is a transformation of the complex «y- 
plane into the complex &n-plane which is one-to-one except possibly for 
certain exceptional loci in the two planes and which is also defined by 
equations of the form (48-1) and (48-2). A simple example of such a 
transformation is afforded by the equations =x, n=x/y and their 
inverses x=£, y=£/n. The correspondence in this special case is one- 
to-one between the portions of the planes which are not on the coordi- 
nate axes. It is evident that a Cremona transformation will in general 
take an algebraic curve in the xy-plane into one birationally equivalent 
to it in the £7-plane. But not every birational transformation of one curve 
into another is a Cremona transformation of one plane into another, as 
can readily be shown in special cases. The curves 


y? — x(x — 1) =0, n—&=0, 


for example, are equivalent under the transformation £=y/x, n=y/x 
and its inverse x=1/(1—£7), y=&/(1—£?), but this is not a Cremona 
transformation of the xy-plane into the £-plane. 

In Section 49 below the structure and first properties of birational 
transformations are discussed. In Section 50 it is shown how birational 
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transformations may be used to reduce algebraic curves of special types 
to normal forms. Thus every irreducible algebraic curve f(x, y) =0 of 
genus p=0 can be transformed birationally into the straight line 
n—£=0. Such curves are called unicursal curves. Similarly every curve 
with genus p=1 can be transformed into the curve 


i= lee eee 


usually associated with the theory of elliptic integrals. Normal forms 
are also deduced for curves of genus p=2 and the so-called hyper- 
elliptic curves. 

Projective transformations are among the most important of the 
Cremona transformations. Simplifications which can be effected by 
projective transformations are discussed in Section 51, and the next 
three sections are devoted to the application of these results to the 
determination of a second formula for the genus, the number of pro- 
jective intersections of two curves, and a further formula for the 
integrands of integrals of the first kind. 


49. Birational transformations. In this section a number of theorems 
applicable to the study of birational transformations will be deduced, 
the first of which is the following one: 

THEOREM 49-1. On the Riemann surface T of an irreducible algebraic 
equation f(x, y)=0 the values of a pair of rational functions (x, ¥), 
n(x, v), for which is not constant, satisfy an irreducible algebraic equation 
$(E, 1) =0 in which the polynomial ¢ is unique except for a constant factor 
and has a degree in n which ts a divisor of the sum v of the orders of the zeros 
of E(x, y) on T. 

To prove this one may first show that every cycle of the algebraic 
equation f(x, y) =0 defines a similar cycle for the variables £, 7. At a 
cycle of f(x, y) =0 at which &(«, y) has a finite value a, for example, we 
have expansions for € and 7 of the form 


(40%1) ES a Vira ay 9 OF ps yee Of pees 
The first of these equations has a solution 
(49-2) p= ye ade pee, 


and when this expression for ¢ is substituted in the second a cycle for 
£, n is found with the equations 


(49-3) E=a4+7, if a Re 
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For a cycle of f(x, y) =0 at which £ has a pole instead of a finite value a 
the result is similar, except that the first equation (49-3) is replaced by 
&=1/r°. 

For a given constant a the sum of the orders of the zeros of the dif- 
ference (x, y)—a on T is y, since the sum of the orders of the poles of 
f(x, y) is —v. Hence for the expansions (49-1) having the same constant 
a the sum of the exponents p is v. For every value £ near a the corres- 
ponding expansions (49-3) define v values m, ---, ,, and the pairs 
(€, n:) (¢=1, - - - , v) so determined are the totality of pairs of values 
of the functions &(x, y), n(x, y) on T having this value of & A non- 
singular value =a or = ~ is by definition one for which the exponents 
p in (49-3) are all unity and the exponents o not negative. With the 
help of Theorem 23-1 we see that the number of singular values of & 
is finite, since by that theorem the sum w; of the values p—1 for the 
branch places of € is finite. 

The expansions (49-3) satisfy an algebraic equation y(£, ny) =0. 


For if m, - - - , n, are the values of 7 on T corresponding to a non-singu- 
lar value & the product 

(49-4) at) ay — 5) 

is a polynomial in 7 with coefficients which are symmetric in m, -- - , 7» 


and uniquely determined by the value &. With the help of the expansions 
(49.3) one readily sees that these coefficients are holomorphic at non- 
singular values =a, and that at other values they have at most poles, 
by Theorem 5-2. Hence they are rational functions of &. If the poly- 
nomial (49-4) is multiplied by the lowest common denominator of the 
coefficients of its powers of 7, a polynomial ¥(£, 7) is found which 
vanishes for all pairs of values of the functions &(x, y), n(*, y) on the 
surface T, and hence for all of the expansions (49-3). 

Each irreducible factor (£, 7) of ¥(£, n) vanishes for an infinity of 
values of &(x, y), n(x, y) at pairs of values (x, y) satisfying the equation 
f(x, y) =0. Hence the rational function ¢[£(«, y), n(«, y)] has roots 
in common with f(x, y) for an infinity of distinct values «, and we see 
with the help of the corollary to Lemma 9-1 that its numerator must 
be divisible by f(x, y). Thus all of the pairs of values £, n on T satisfy the 
equation ¢=0. Since the same is true of every other irreducible factor 
of W it is evident, by the corollary to Lemma 9-1 again, that these 
factors can differ by constant multipliers only. The polynomial y is 
therefore expressible as a power of an irreducible polynomial ¢ and the 
degree of ¢ in 7 must then be a divisor of v. The same argument which 
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shows that the irreducible factors of y are identical except for constant 
multipliers shows also that the polynomial ¢ of the theorem is unique 
except for a constant factor. 

CoroLiary 1. A necessary and sufficient condition for the curves 
f(x, y) =0 and $(£, n) =0 to be birationally equivalent 1s that the degree of 
@ in 7 be exactly equal to the sum v of the orders of the zeros of E(x, y), or 
that there exists a value =a for which the v corresponding values of n(x, y) 
on T are all distinct. If the curves f=0 and ¢=0 are not birationally 
equivalent then the genus of ¢ =0 is less than that of f =0. 

If the degree of ¢ in 7 is less than v then the polynomial y construc- 
ted above is a power higher than the first of ¢, and for every value 
£ some of the corresponding values m, - - - , n, will be equal. To a place 
(£, ») on the Riemann surface of ¢ =0 there correspond therefore more 
than one place (, y), and x and y cannot be expressible as rational func- 
tions of £ and 7. Thus the relation between the curves f=0 and ¢=0 
is not bi-rational. 

On the other hand, if the degree of ¢ in 7 isv, so that ¢ and y coincide 
except possibly for a constant factor, then for all except a finite num- 
ber of values of & the corresponding roots m, -- - , 7, of ¢=0 will be 
distinct. Each branch (49-3) must provide precisely p distinct values of 
n for values of — near to a, and must be primitive, by Theorem 13-1. 
The totality of branches (49-3), obtained as described from the cycles 
of the equation f(x, y) =0, is therefore the totality of non-equivalent 
primitive branches of the curve ¢(£, 7) =0. We have thus a one-to-one 
correspondence between the cycles of ¢ =0 and those of f=0 defined by 
the equations 


(49-5) & = &(x, y), n = n(x, y)- 


The vertices of corresponding cycles are also transformed into each 
other by these equations when their coordinates are finite. To each place 
(g, n) near the vertex of a cycle (49-3) the corresponding solution (x, y) 
of equations (49-5) is found by substituting the series 


(49-6) t= yer te... , 


from (49-2), in the expansions for x and y at the cycle of f=0 from which 
(49-3) was deduced. Hence x and y are holomorphic functions except 
for poles on the Riemann surface of the equation ¢ =0 and are rationally 
expressible in terms of £ and », so that the relation between f=0 and 
¢ =9 is birational. 

If f=0 and ¢=0 are not birationally equivalent then the polynomial 
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v used in the proof of Theorem 49-1 is a power of its irreducible factor 
¢. If Y= ¢* then the set of values m, - - - , 7, corresponding to a given 
value of £ is composed of 1; groups of k equal values, where 1 is the de- 
gree of ¢ in 7. The cycles 


n= BE- ale... 


from (49-3) may not all be primitive, but each will provide a primitive 
cycle when the exponents of (—a) are reduced to a suitable common 
denominator p; which is a factor of p. The sum of the exponents p corre- 
sponding to a given value =a is k times the sum of the exponents p1. 
The values of the genus p for the curves f=0 and ¢=0 are now 


b = Di(e — 1)/2 —» +1 = k(Q0oi/2 — 11) — N/2 +1, 
br = (or — 1)/2 — 1 $1 =Lpi/2 — 11 — N/2 +41, 


where JV is the number of cycles with exponents p>1. The sum in the 
formula for p; should be taken for all cycles arising from cycles (49-3) 
with p>1, even though for some of them p;=1. It is evident then that 
p> pi when k&>1. 

CoroLiary 2. When two irreducible algebraic curves f(x, y) =0 and 
(£, n) =0 are equivalent by a birational transformation the parameters t 
and 7 of corresponding places on two corresponding branches are related by 
an equation of the form 


(49-7) t=o7+or?+:-:- (¢, # 0). 


The equation of the corollary is equation (49-6) in slightly different 
notation. 

CoroLiary 3. If two irreducible algebraic curves f(x, y)=0 and 
o(E, 7) =0 are equivalent under a birational transformation then the trans- 
formation takes every rational function g(x, y) on the Riemann surface 
T of f =0 into a rational function y(£, ) on the Riemann surface T, of 
@=0. At corresponding places on T and T, the orders of g(x, y) and 
¥y(é, n) are the same. The genus of f =0 is equal to the genus of 6=0. 

If the equations relating x, y and &, 7 are 


£ = £(x, y), n = n(x, y) 
then 
g(x, y) = v[E(x, y), n(x, y)]. 


The expansion for g(x, y) in powers of ¢ at a place P of T goes over into 
the corresponding expansion for y(é, 7) in powers of r by means of the 
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transformation (49-7). Hence the orders of g and y at corresponding 
places are the same. The genus of the curve f =0, from Section 23, is 


p= w/2—n+1 


where w; is the sum of the numbers p—1 for the expansions (49-3) for 
E(x, y), and m; is the negative of the sum of the orders of the poles of &. 
Since these numbers for £ have the same values when calculated on the 
Riemann surface 7, of 6=0 as when calculated on T it follows that the 
genus of 7) is also p. 

We could also see that the genus of 7 is the same as that of 7; by 
drawing on TJ; the images of the cuts a;, 6; on T. A cut which does not 
sever T has an image on 7; which does not sever 7;, and conversely. It 
is evident then that the number of cuts necessary to reduce 7; to a 
simply connected surface Ty is the same as that required to transform 
ieinto 

Coro.iary 4. Every Abelian integral on the surface T is transformed 
into an Abelian integral of the same kind on the surface T; and the new 
integral has the same periods as the original one. 

By a birational transformation 


(49-8) x = x(£, n), y = y(&, n) 


an Abelian integral J on the Riemann surface TJ is transformed into one 
on 7, by the formula 


(49-9) f= i R(x, y)dx = { Ri(&, n) dé, 
c Cy 
where C; is the path on 7 corresponding to C on T and 
Ri(E, 0) = RE w(E, 0), yE, 0) (re + xydn/dé) 
R{[«(é, n), y(é, n) |(xeb, — Xybe)/dy. 


The last form is valid since along every path C; on 7; the values of & 
and » satisfy the equation ¢=0 and their differentials along the path 
satisfy ¢:d&£+¢,dy=0. The expansion for the former of the integrals 
(49-9) in powers of t at a place P on T is transformed into the expansion 
in powers of 7 for the latter at the corresponding place P; of T; by the 
formula (49-7), since this formula relates places («, y) and (£, 7) satis- 
fying equations (49-8) on the cycles with vertices at P and P;, and since 
the function R, was so defined that for paths or cycles which satisfy 
(49.8) we have always Rdx = R,dé. Hence we see that the singularities 
of the two integrals at corresponding places have the same character, 
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and the orders of the principal parts are the same. The periods of the two 
integrals are the same since the period cuts on 7; can be taken as the 
images of the cuts on 7. 

As a consequence of the equivalence of the expansions of an integral 
at corresponding places on T and J; by means of equation (49-7), one 
verifies readily that an elementary integral of the first kind is trans- 
formed by a birational transformation into one of the same kind; an 
elementary integral ¢o(P) with a single simple pole is transformed into 
a new integral of the same kind except for a constant factor; an ele- 
mentary integral ¢,(P) goes into an integral with a single pole of order 
v+1 but with a principal part for its expansion at the pole which is 
possibly different from that of ¢,(P); and an elementary integral of the 
third kind is transformed into a similar integral except for a constant 
factor. 


50. Curves of genus p=0 or p=1, and hyperelliptic curves. A uni- 
cursal curve is by definition one which is representable in the parametric 
form 


(50-1) “= Riff), y = R2($), 


where R, and R: are rational functions of a parameter ¢ such that each 
point (x, y) on the curve is determined by one and but one value of ¢. 
By means of the theory of birational transformations developed in the 
last section it can be shown that every algebraic curve of genus p=0 is 
representable as a unicursal curve and is birationally equivalent to the 
straight line 7 —&=0. Curves of genus p=1 may be called elliptic curves 
since they are always transformable birationally into the simple curves 
usually associated with the theory of elliptic integrals. Hyperelliptic 
curves are related curves of genus p>1, and curves of genus p=2 are 
always of hyperelliptic type. These are the results which are established 
in the theorems of this section. 

THEOREM 50-1. Every irreducible algebraic curve f(x, y) =0 of genus 
p =0 is representable as a unicursal curve, and conversely. 

We have seen in Theorem 26-4 that when an irreducible algebraic 
curve f(x, y) =0 has genus p=0 there always exists a rational function 
¢(x, y) with a single simple pole. According to Theorem 49-1 the ration- 
al functions 


(50:2) E = (x, y), n = &(x, y) 


on the Riemann surface of the curve f(x, y) =0 satisfy an irreducible 
algebraic equation, and we see by inspection that this equation is 
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¢=n—£=0. Since the degree of ¢ in 7 is the sum of the orders of the 
zeros of ¢(x, y), which is unity, it follows by Corollary 1 of the last sec- 
tion that the curves f=0 and 7—& =0 are birationally related by the 
equations (50-2). Hence the coordinates x and y of places on the curve 
f=0 are expressible rationally in terms of ¢, in the form (50-1). To each 
place on f=0 there corresponds one and but one place on the line 7—€ 
=(, and therefore one and but one value ¢, so that the representation 
(50-1) is unicursal according to the definition given above. 

When a unicursal curve is given the functions (50-1) defining it may 
be regarded as a pair of rational functions of the coordinates of the place 
(€, n) =(¢, ©) on the straight line 6=7n—£=0. According to Theorem 
49-1 these functions will satisfy an irreducible algebraic equation 
f(x, y) =0. The correspondence between ¢=0 and f=0 defined by the 
equations (50-1) is birational, by Corollary 1 of Theorem 49-1, because 
for every value x at which the v roots of the first equation (50-1) are 
distinct the second of these equations defines v distinct values of y since 
the curve (50-1) is now by hypothesis unicursal. We can see in a num- 
ber of ways that there are such non-singular values x, for example by 
the remarks at the end of the second paragraph of the proof of Theorem 
49-1. Since the straight line 7» —£=0 has genus p=0 it follows that the 
birationally equivalent curve f=0 has the same property, according to 
Corollary 3 of Theorem 49-1, and Theorem 50-1 is therefore proved 
completely. 

Corotiary 1. A necessary and sufficient condition that an irreducible 
algebraic curve f(x, y) =0 shall have genus p=0 ts that it be birationally 
equivalent to the straight line n-—&=0. 

This is evident from the arguments in the preceding paragraphs. 

COROLLARY 2. A necessary and sufficient condition that the equations 


(50-3) x = Ni(S)/Di(0), y = N2(¢)/D2(6) 


shall define a unicursal curve, where N, and D, are polynomials without 
common factor, and similarly for Nz and Ds, is that the resultant with 
respect to € of the two polynomials 


(50-4) Nik) = abe), Nol) — yDal(f) 


is an irreducible polynomial f(x, y). 

The resultant of the polynomials (50-4), formed as indicated in 
Section 8, is a polynomial f(x, y) in x and y. It has no factor in « alone, 
since otherwise there would be a value x for which the two polynomials 
(S04) would have a common root ¢ for every value of y. This is clearly 
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impossible, because for a fixed value of x the first polynomial (50-4) has 
only a finite number of roots, and we can always select y so that none 
of them is a root of the second. Since the resultant has no factor involvy- 
ing x alone, and with the help of formula (8-4), it follows that except for 
a constant factor the resultant f(x, y) is the product 


I[y — Ne(¢)/De(¢.) | 


taken for all the roots of the first polynomial (50-4) and multiplied by 
the lowest common denominator of the coefficients of its powers of y 
when expressed in terms of x. This is, however, precisely the polynomial 
in x and y, analogous to y in the proof of Theorem 49-1, which is satis- 
fied identically by the functions (50-3) when we think of them as rational 
functions of the places (£, 7) =(¢, ©) on the line 7 —£=0. From Corollary 
1 of Theorem 49-1 it follows that the line »—£=0 and the curve 
f(x, y) =0 are birationally related by the equations (50-3) if and only if 
f(x, y) is irreducible. From the second paragraph of the proof of Theorem 
50-1 it follows further that the curve (50-3) is unicursal if and only if 
the curves f(x, y) =0 and n—£=0 are birationally related, and therefore 
if and only if f(x, y) is irreducible. The corollary is therefore proved. 

CorROLiary 3. For every unicursal representation (50-1) of an irredu- 
cible algebraic curve f(x, y) =0 of genus p=O the value of the parameter ¢ 
corresponding to a place (x, y) on f =0 is expressible as the value of a ra- 
tional function ¢(x, y) with a single simple pole. The most general repre- 
sentation (50-1) is found from a particular one by a bilinear transforma- 
tion €=(ati +b) /(cii+d). 

It has been shown in the proof of Theorem 50-1 that the equations 
(50-1) of a unicursal curve relate birationally the line 7 —&=0 and the 
curve f=0. Hence the coordinates £=7=¢ of a place on the line are 
determined by a rational function ¢(x, y). This function can have but a 
single pole, since otherwise there would be more than one place (x, y) 
corresponding to each value ¢ =a. 

For two unicursal representations of the curve f=0 in terms of par- 
ameters ¢ and ¢ the corresponding functions ¢(x, y) and (,(«, y) satisfy 
an irreducible equation $(¢, (1) =0 which is linear in each of them, by 
Theorem 49-1, since each of them has but a simple pole. Hence ¢ and ¢; 
are bilinearly related, as stated in the corollary. 

THEOREM 50-2. Every irreducible algebraic curve f(x, y) =0 of genus 
p=1 can be transformed birationally into a curve of the form 


(50-5) 7—(1—P)\(1 — Pi)=0 
where k is a constant. 
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To prove this we note first that if two places P;, P2 on the Riemann 
surface T of f =0 are selected arbitrarily there is always a rational func- 
tion £(x, y) which has a simple pole at each of them and no other singu- 
larities. For according to the third row of the table of Theorem 26-2 
there are 4 =2 linearly independent functions with no poles except at 
P, and P». One of these functions is not a constant, and must have poles 
at both P; and P; since if it had a pole at only one of them the genus of 
f=0 would be p=0, by Theorem 26-4. If we select for P; and P2 ordi- 
nary places at which the values of y are distinct then the functions 
E(x, y), n(x, vy) =y will satisfy an irreducible equation $(£, 7) =0 of de- 
gree 2 in n. For according to Theorem 49-1 the degree of ¢ in 7 is a 
divisor of the sum of the orders of the zeros of €, and it must be exactly 
2, by Corollary 1 of Theorem 49-1, since at two places on T where & 
takes a value near £=© the corresponding values of n=y are near to 
those belonging to P; and P2 and are therefore distinct. The curves f =0 
and ¢=0 are consequently birationally equivalent by a transformation 
of the form 


(50-6) E= E(x, y), = y 


Since the equation ¢=0 satisfied by the functions (50-6) is of the 
second degree in y it has a solution which can be given the form 


(50-7) n = P(E) + O(E) [RE], 


where P and Q are rational in € and R is a polynomial in £ having no 
squared factors. Consequently the birational transformation 


(50-8) b= fy n = PE) + QE) 
following the transformation (50-6) takes the curve f=0 into the curve 
(50-9) nt — R(t) = 0. 


The genus of the last equation must be p=1, since it is birationally 
equivalent to f=0. By examination of its two-sheeted Riemann surface, 
which has no cycles except at &:= © or at the roots of R(£,), it is found 
that the genus can be unity only if the degree of R(£) is 3 or 4. If we 
determine a constant k so that an anharmonic ratio of the numbers 
+1, +1/k is equal to one of the anharmonic ratios of the four roots 
of R(é,), or of its three roots and £;=%, then a bilinear transformation 
£1) =(a&+b)/(c&+d) can be determined which will take the four roots, 
or the three roots and £:= ©, into +1, +1/kin suitable order. A simple 
transformation of the form 
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&) = (af) + b)/(c& + d), “ah = ene / (ck, + d)? 


will then take (50-9) into a curve of the form (50-5). 

THEOREM SO0-3. If on the Riemann surface T of an irreducible alge- 
braic equation f(x, vy) =0 of genus p there exists a rational function £(«, y) 
with the sum of the orders of its poles equal to 2, then the curve f =0 is 
transformable birationally into a curve of the form 


(S0- 10) tere (C0) 


where R(£) is a polynomial in = with no multiple roots and of degree 2p+1 
or 2p+2. A curve f(x, vy) with this property is called an elliptic curve if 
p=1, or ahyperelliptic curve if p>1. 

The proof is similar to that of the preceding theorem provided that 
we can prove, as in the next paragraph, that there exists a rational 
function n(x, vy) on T which for some constant value a takes distinct 
values at the two places on T where £(x, y) —a =0. For then, by Corol- 
lary 1 of Theorem 49-1, the irreducible equation $(£, 7) =0 satisfied by 
£and 7» must be of degree 2 in 7 and therefore birationally equivalent to 
f=0. It has a solution of the form (50-7) which goes into a curve of the 
form (50-9) by a transformation (50-8). The genus of the curve (50-9) 
must now be #, which can be true only if R(&) is of degree 2p+1 or 
2p 2. 

To show the existence of a function 7 which has two distinct values 
at two places where & has the same value a, we may first select a distinct 
from the branch values of £, so that the two places P, P’ on T where 
E(x, y) -a=0 are distinct. If we select g>2p+2 other places P;,---, 
P, then according to Theorem 26-2 and the corollary to Lemma 26-2 
the »=q—p-+1 linearly independent multiples a1, - - - , 0, of the divisor 
1/P, - - - P, will have a matrix of leading coefficients at P and P’ of 
rank 2. Hence in the linear combination 


q = Wyo1 + 2+ + hon 


the constant coefficients « can be chosen so that the values of 7 at P 
and P’ are distinct. 

THEOREM 50-4. On the Riemann surface of every irreducible algebraic 
curve f(x, y) =0 of genus p=2 there is a rational function with the sum of 
the orders of its poles equal to 2. According to the last theorem every such 
curve is therefore transformable birationally into a curve of the form (50-10) 
for which the polynomial R(é) has degree 5 or 6. 

When p=2 an integrand function y(x, y) of an integral of the first 
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kind has a divisor of the form Qy = PiP2D?/X, since every such func- 
tion Y must be a multiple of the divisor D?/X which has the order 
2—2p=—2, and since Qy has order zero. Furthermore if y is one such 
function, then according to Theorem 26-1 there is a second, y’, with 
places P/, Pd in its divisor Qf =P Pz D*/X distinct from P;. The 
places P, Py are also distinct from P: since otherwise the quotient 
y'/W would have but a single pole and the genus p could not be equal 
to 2. The quotient y’/y is therefore a special rational function with two 
poles, and the theorem is proved. 


51. Projective transformations. A projective transformation is one 
of the form 


(1c) —E= u/w, 7 = 0/w, 
where 
w= axtbhyta, v= dax+ doy +c, w= azgx + b3y + C3 


and the determinant | a:dec;| of the constant coefficients in these ex- 
pressions is different from zero. It is one of the most important of the 
special cases of a Cremona transformation and may be used to simplify 
an algebraic equation f(x, y) =0, as indicated in the following theorems. 
THEOREM 51-1. By a projective transformation an irreducible alge- 
braic curve can be transformed into one with the following properties: 
I. If the terms of degree k in x and y are denoted by (x, vy); so that 


f(%, y) = (x, yo + (a, y)a ++: > + (ey, 9), 
then (x, y), has v distinct linear factors and contains terms in x’ and y’ with 
coefficients different from zero. 

II. The polynomial f(a, y) has a multiple root b of order q only when 
the curve f(x, y) =0 has at (x, y) =(a, 6) a multiple point of order q, or an 
ordinary point with a vertical tangent at which f.(a, b) #0, fy), 
f(a, 6) 40. The latter case occurs only when q=2. 

We shall first see that the equation 

F(a, y) = (%, yo + (%, ya +++ + (x, 9), = 0 
can be transformed into an equation 
o(&, 0) = [& nlot [Enh +--+: + [& a], =0 


which has the property I. For this purpose we select a line 


w=cx—ytd=0 
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for which the equation f(*, cx-+d) =0 defining its intersections with 
f(x, y) =0 has y distinct finite roots x. To have such a line it is only 
necessary to select numerical values for c, d such that the coefficient 
(1, c), of x in the polynomial f(«, cx+d) is different from zero, and 
furthermore such that the discriminant of f(*, cv+d) as a polyno- 
mial in x is different from zero. The latter selection is possible since 
f(x, cx+d) as a polynomial in x, c, d is irreducible when f(x, y) is irre- 
ducible. We may then select the lines w=0 and v=0 not intersecting on 
w=0O and so that they do not pass through any intersection of w=0 and 
f=0. The relation between / and its transform ¢, by the transformation 
E=u/w, n=v/w, is 


f(x, y) = w'4(&, 0) = [u, vow + [u, vw? +--+ [, ol, 
and we readily see that the roots of [w, v|, must be distinct and that 
u” and v” occur in [u, v],, on account of the properties of u, v, w as 


chosen above. 
If a polynomial f(x, y) has the property I then a transformation 


1-2) x = At + Bn, aL  y 


can be selected which will take it into a new polynomial $(£, 7) having 
the property I as well as I. To see this we note first that the polynomial 


W(x, ¥) = fesfy — 2faufafy + fife’, 


in which the subscripts indicate partial derivatives of f, does not vanish 
identically on the Riemann surface of f(«, y) =0 unless f(x, y) is linear 
in x and y. If W(x, y) were identically zero then for the branch y(x) 
through a non-singular place (20, yo) where f,~0 the equations 


fe + fuy’ = 0, fez t 2feyy’ + fuvy”? + fay” = 9, 


/ 


( 


Or 


satisfied by the branch, would imply y’’=0, and this would mean that 
f(x, y) =0 would be of the first degree or else have a linear factor. In the 
former case the properties I and II are easily attainable, and the latter 
case is impossible since f(x, y) is irreducible. We therefore can assume 
v(x, y) £0. 

The property II will be attained if we can find a transformation 
(51-2) taking f=0 into a new curve ¢$(£, 7) on which 0%$/dn240 at 
every multiple point of order g, and on which ¢, and ¢,, vanish simul- 
taneously only when ¢; also vanishes. At a multiple point (a, b) of order 
q the polynomial f(x, y) has an expansion of the form 


flay) = {x= 6, yab}et +--+ {2 4, 7-3}, 
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For the transformation (51-2) we select the coefficients A, B, C, D 
with determinant different from zero so that (A, C),#0, (B, D),#0, 
{B, D}\ 0 for every multiple point (a, 6), and furthermore so that 
f:B+f,D 0 at every finite zero of the polynomial ¥(«, y) on T. The 
first two restrictions on the coefficients insure the preservation of the 
properties I after the transformation. If (x, y) = (a, 6) and (£, 7) = (a, 8) 
are corresponding points under (51-2) the transformation may also be 
written in the form 


Ale — a). By 8); 
CLE a) Dy 8). 


A Che A 


0 
It is evident then that 
o(é, n) = f(AE + Bn, CE + Dn) 


has a multiple point of order g at the image (a, 8) of each multiple point 
(a, 6) of order g of f=0, and in the terms | £—a, 7—8}, the coefficient of 
(n—B)7is {B, D},#0. Furthermore if the functions 


(O17) b, = faB + fy, yy = frrB? + 2fzyBD + fyyD? 


vanish at a point (, 7) of ¢=0 then ¢;=f,A +f,C also vanishes. Other- 
wise the image of (£, 7) would be a point where 


Ge Tas = (0, 0), ine + f,D = 0), 
Woes — 2) wud of y + fife =" (), 


and the last two equations are not compatible on account of the way in 
which the coefficients 4, B, C, D were selected above. 

THEOREM 51:2. An irreducible algebraic curve f(x, y)=0 with the 
property I of Theorem 51-1 has at x= expansions of the form 


(51-4) y= ax+ Be ty tt--- (k= 1,2,---,») 


for which the constants a, are the distinct finite roots of the polynomial 
(1, a),=0. These places at x= are the only poles of the algebraic function 
y(x) defined by the equation f=0. If f=0 has further the property I then 
it has branch places only at multiple points (a, b) of order q at which f(a, y) 
has a multiple root y=b of order exactly q, or at points (a, b) at which 
fx(a, b) 40 and f(a, y) has y=b as a double root. At places of the latter type 
the branches have the form 


(51-5) e=a+P, iy = Do ape oe 
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The expansions at «=% may be found in the manner described in 
Section 14, or more directly by substituting y=vx in f(x, y) =0 and 
writing this equation in the form 


f(x, 9) = a*{ (1, v)o/x + (1, diet f+ (1, 0),} = 0. 
From Theorem 7-1 it follows then that v has expansions 
o = ap Bet yee as (k =e aa v), 


and the expansions for y are therefore of the form given in the theorem. 

From the property II we see that every point (a, b) at which f(a, y) 
has a multiple root y= of order g is a multiple point of order gq, or 
possibly a point with a simple vertical tangent when g=2. At a point 
of the latter type we have f.(a, b) €0, f,(a, 6) =0, fy,(a, 6) 40, and The- 
orem 16-1 shows that the expansion for y has the form (51-5). 


52. A second formula for the genus. With the help of the properties 
I and II described in the last section it is possible to deduce for the genus 
p of an algebraic curve an expression in terms of the degree » of f(x, y) in 
x and y, the orders of multiple points with distinct tangents, and the 
number of cusps. This is deduced from the formula (31-1) and sup- 
plements it. 

THEOREM 52-1. /f the order of a multiple point of an irreducible alge- 
braic curve f(x, y) =0 of degree v in x and y is designated by q then the 
genus of the curve has the value 


(52-1) Hit Wi 2) Og 1) — RT 


where the sum is taken for all multiple points with distinct tangents of the 
curve, R is the number of simple cusps, and I is a non-negative integer 
which is zero in case the curve f =0 has no multiple points of other types. 

To prove this we may first suppose the curve to have been trans- 
formed by a projective transformation into one having the properties I 
and II of Theorem 51-1. According to formula (8-6) the discriminant of 
f(x, y) with respect to y differs from the product 


D(x) = fyl*, Sie ful, yy) 


by a constant factor only, since the coefficient of y’ in fis a constant, by 
property I. This product is therefore a polynomial in x, as one may also 
see because it is rational in x and as a result of property I has no 
poles in the finite part of the «-plane. The formula (52-1) is to be proved 
by calculating the degree of the polynomial D(x) in two different ways. 

On account of the property I it is readily seen with the help of the 
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expansions (51-4) that each factor f,(x, y) has a pole of order y—1 at 
x=0o, and hence that D(x) has a pole of order »(y—1) and is a poly- 
nomial in x of degree v(vy—1). 

The zeros of D(x) occur only at finite places (a, b) where one of the 
factors f,(«, y;) vanishes. Such places are ordinary points with simple 
vertical tangents or multiple points (a, 6) of order g for which f(a, y) 
has a multiple root y=6 of order exactly g, as described in Theorem 
51-2. We may further classify the multiple points as those with distinct 
tangents, simple cusps, and those of other types. 

At an ordinary point (a, 6) with a simple vertical tangent the ex- 
pansions for y and f,(«, y) in the notations of Theorem 16-1 are 


yi seule a.) apo [er = — (Aio/Avz)**], 
Sit V) = 2Anale = oS 
Since there are two such factors f,(x, y:) in the product D(x), cor- 
responding to the values of y on the two sheets of the cycle, it follows 
that D(x) has a factor (v—a) for each point (a, 6) with a vertical tan- 
gent. 


For each multiple point (a, 0) of order g with distinct tangents we 
have 


f(x,y) = {x—-—a,y—bdbl,+-:-:: 
and g cycles 
y—b = ple— a)+--+ (Gj =1,---,q) 


for which the constants y; are the roots of {1, u},, according to The- 
orem 16-2. Hence there are g corresponding expansions 


f(x,y) = +i; Bi loy (x —a)ri4... 


and D(x) has the factor (w—a)#@, 
In the notations of Theorem 16-3 we have at a simple cusp (a, 0) 
the expansions 


f(a, vy) = {x — a, y — ble t+ {x =a, y—blete--, 
y— b= p(x — a) + vow — a)8/8 + -e 
where yp is the double root of }1; m \, and v+0. Hence 
file, DF =2Aco(x — a) 


Since there are two such factors f,(”, y,;) corresponding to the cycle it 
follows that D(x) has a factor (~—a)* for each simple cusp. 
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These results give for the degree of D(x) the value 
(52-2) vy -1)=N+ Dog(g—1)+3R4+1 


where JV is the number of vertical tangents, the sum is taken for all 
multiple points with distinct tangents, R is the number of simple cusps, 
and J, is a positive integer which is zero if there are no multiple points 
of other types. The formula (31-1) gives 


(52-3) p= Di(r—1)/2—n+1=(N4+R41)/2 —y +1, 


where /2 is the sum of the numbers r—1 taken for all cycles not arising 
from vertical tangents or cusps, 1.e., all cycles of more than one sheet 
arising from multiple points. It is zero if all the multiple points are 
simple cusps or have distinct tangents. By combining the last two equa- 
tions we see that 


ee iene he gr ty Ss 


It is evident from this formula that (J;—J»2)/2 is an integer 7, and 
we have seen that it vanishes if the curve f=0 has no singular points 
other than multiple points with distinct tangents and simple cusps. We 
can prove that in every other case it is positive. For the only factors of 
D(x) not accounted for in the above paragraphs are those arising from 
cycles at multiple points (a, 6) whose tangents are not all distinct. At 
such a point 


f(x, 9) = Aas(x — a)"(y — bY, 


(52-4) 
fy(x, vy) = BAag(x — a)*(y — 5)F-4, 
and a cycle arising from such a point has the form 


(52-5) y—b=c(ix—a)ir+.-- 


on 


Hence the lowest power of «—a in the ¢ factors f,(x, v) belonging to such 
a cycle has an exponent of the form [ar+(8—1)s]/r, and the con- 
tribution of the whole cycle to the integer J; in (52-2) is at least 
ar+(8—1)s. On the other hand the contribution of the cycle to the in- 
teger J, in formula (52-3) is y—1, and the difference of these contribu- 
tions is at least (w—1)r+(8—1)s+1. This difference is surely positive 
since for a multiple point (a, 6) every term in the expression (52-4) has 
its point (a, 8) in the aB-plane not on the same side of the line 
(a—1)r+(8—1)s=0 with the origin, because this line is parallel to the 
polygon side giving rise to the expansion (52-5) and passes through the 
point (1, 1). Hence the difference /; —/» is also positive in case there are 
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multiple points other than those with distinct tangents and simple 
cusps. 

The following corollary has an important application in succeeding 
paragraphs: 

Coroiary. For every irreducible algebraic curve f(x, y) =0 of degree 
vin x and y we have the inequality 


Yigg — 1/2 +R S & — 1) —2)/2 


where the sum is taken for the orders q of all multiple points with distinct 
tangents and R is the number of simple cusps. 

This formula is an immediate consequence of formula (52-1) since 
p is always a positive number. 


53. The number of projective intersections of two curves. Let f(x, y) 
and g(x, y) be two irreducible polynomials not differing by a constant 
and of degrees v and p, respectively, in x and y, and let w=a3x+3y +c; 
be a straight line intersecting f=0 and g=0 in y+ p distinct finite 
points. Such a line can be determined by the argument in Section 51 
above. Furthermore let 


w= aK + diy - 4, Vv = dex + boy + C2 


be selected so that u+0, v+0 at the y+ intersection points and so that 
the determinant of coefficients in #, v, w is different from zero. The 
transformation £=u/w, »=v/w then takes f=0 and g=0 into two 
curves $(£, 7) =0 and we, n) =O whose intersections are all in the finite 
£y-plane since none of them are on the line w=0 in the xy-plane. The 
old and the new polynomials are related by the formulas 


f(x, y)/w" = o(€, n), g(x, y)/w? = W(é, n) 


The number of projective intersections of the two curves f=0 and g=0 is 
by definition the sum of the orders of the zeros of the function W(£, 7) 
on the Riemann surface of the equation #(£, 7) =0, or what is the same 
thing the sum of the orders of the zeros of g(a, y)/w? on the Riemann 
surface of f(x, y) =0. 

THEOREM 53:1. The number of Ah eae intersections of two irre- 
ducible algebraic curves f(x, vy) =0 and g(x, y) =0 is the product vp of their 
degrees in x and y. 

To prove this we see first that $(£, 7) has the property I of Theorem 
51-1 and hence that the algebraic function »(£) defined by the equation 
¢=0 has no poles in the finite part of the plane. At = its expan- 
sions have the form 
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(53-1) n=ot+ Bi tye '+--- (k=1,---,y) 


where the numbers a, are the distinct roots of the polynomial (1, a), 
defined by the terms (£, 7), of highest degree in the polynomial ¢. 
Furthermore the terms [£, 7], of highest degree in ¥(£, 7) are such that 
for each a; the expression [1, a;], is different from zero, on account of 
the manner in which the line w =0 was selected. It follows readily then 
that ¥(£, 7) has no poles at finite places on the Riemann surface 7, of 
@=0, and at £= it has poles the sum of whose orders is vp, as one sees 
by substituting the expansions (53-1) in the polynomial y. But the sum 
of the orders of the zeros of y on 7; is then vp. 


54. A formula for integrand functions y of integrals of the first kind. 
A projective transformation §=u/w, 7 =v/w takes an integral 


[= [ ve, y)dx 


of the first kind for an irreducible algebraic curve f(x, y) =0 into a second 
such integral for the transformed curve ¢(é, 7) =0, with an integrand 
function which may be designated by W(é, 7). If we make the trans- 
formation in such a way that ¢=0 has the property I of Section 51 then 
we can prove that WV and also W have the property described in the fol- 
lowing theorem. 

THEOREM 54-1. An integrand function (x, y) of an integral of the 
first kind for an irreducible algebraic curve f(x,y) =0 can always be ex- 
pressed in the form 


v(x, ¥) = O(x, y)/ful%, ¥) 


where Q(x,y) is a polynomial of degree at most v—3 in x and y, v being 
the degree of f(x, y) in x and y. 

Let us prove the theorem first for a curve f=0 which has the prop- 
erty I of Theorem 51-1. We can infer that the sum 


(54. 1) Py-2(x) = yF V(x, 91) +--+ + yF V(x, y,), 
where £ is a positive integer, is a polynomial in x of degree at most k—2. 
It is clearly rational in x since it is symmetric in y,,--- , y,. At a finite 


non-singular point x it has no pole since the algebraic function (x) and 
the integrand (x, y) have no poles over such a value x. At a singular 
point x=a it is possible that y has a pole of order r—1 and that some 
of the terms in (54-1) may have expansions of the form 


C(x — mT + as 4- C(x aie aye a Co 4 ae 
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But since the sum (54-1) of these terms has an expansion in powers of 
x—a which are not fractional, it follows that in the sum the terms with 
negative exponents cancel. Hence P;_2(«) has no pole at any finite value 
x whatsoever and is a polynomial. At a place over x= the expansions 
for y and wy have the form 


y= ata Bye ee V(«, y) = cx? +dx%+---, 


since every integrand function wy of an integral of the first kind has a 
zero of order at least 2 at each place over x =~. Consequently each term 
of the sum (54-1), and therefore P;_2(x) itself, has a pole of order at 
most k—2 at x=, and the degree of P,_2(x) in x is at most k—2. In 
particular we see that P_,=P_,=0. 

The equations (54-1) for k=0, 1,---,v—1 can be solved for the 
values ¥(a, vy.) by a special device. Let 


PE Shi” eee es Sigs 
Sy —— Bay nan oe ee 
so that 
fy(*, m1) = Boy 12 +--+ + By. 
By comparison of coefficients in the next to last equation 
By, = fovt + fryf-! +--+ + fr. 


Each B, is of degree at most k in x and 4, since each f;, is of degree at 
most £ in x. By multiplying the equation (54-1) by B,_,; and summing 
for k=0,1,--+,v—1 we find 


ees yiv(a, V1) as Einibaates + Bien = ian si B,_3Po, 


and the polynomial on the right is of degree at most y—3 in x and ,. 
Since (a, 1) is a quite arbitrary place on T the conclusion of the the- 
orem is established. 

If the equation f(x, y) =0 has not the property I we may transform 
it by a projective transformation &=u/w, n =v/w into a curve $(£, n) =0 
which does have this property. Then on the Riemann surface 7; of 
¢ =0 an integral of the first kind has an integrand of the form Q,(£, 7) / 
$,(&, n) where Q; is a polynomial of degree at most »y—3. Under the pro- 
jective transformation we have the following relations on the Riemann 
surface T between Q:, ¢ and their transforms Q, f: 


f(x, y) = w’d(&, n), Q(x, y) = w’Oilé, 2), 


(54-2) 
préy = Oyny = dy @’; prt’ 2 ie pan’ = 0, 
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where £’=£,+£yy’, n'=n:+1,y’, and y’ is the derivative of the alge- 
braic function y(«) defined by the equation f=0. The last two equations 
(54.2) give the value 


b, = Ef,/w(e'ny — Eyn’) = E'f,/w’—*A, 
where A is the determinant of the coefficients of u, v, w. Hence we find 


Qi(E, ») ree Q(x, y) " 
,(&, n) es y) 


Since Q is of degree at most y—3 and every integral of the first kind on 
T is the transform of one on 7; it follows that the conclusion of the 
theorem is true for an arbitrary irreducible curve f(x, y) =0. 

The polynomials Q(x, y) which occur in the numerators of the inte- 
grands W=Q(x, y)/f,(x, y) of integrals of the first kind are called ad- 
joined polynomials of degree v—3. There are evidently p linearly inde- 
pendent polynomials of this kind such that every adjoined polynomial 
of degree v —3 is expressible linearly in terms of them. 

THEOREM 54-2. If an irreducible algebraic curve f(x, y) =0 of degree 
vy in x and y has the properties I and II of Theorem 51-1, and if in the 
projective xy-plane it has no singularities other than multiple points with 
distinct tangents and simple cusps, then its adjoined polynomials of degree 
vy—3 are characterized by the properties that they vanish at each cusp and 
have multiple points of order at least g—1 at each multiple point of order 


Hie 


q of f=0. 
If Q(x, y) is a polynomial of degree vy —3 in x and y the integral 
(x, y) 
(54:3) e a dx 
fulx, y) 


has no singularity at a place over x=. For at such places the expan- 
sions of Q and f, are found with the help of the formula (51-4) to have 
the forms 


O46, 9) = Pc ale bics/a? ss), 
ful, y) = «(do + di/x + do/x® +--+) (dy #0). 


The constant dy is different from zero since it is the value (1, a),, of the 
derivative with respect to y of the polynomial (x, y), of Theorems 51-1 
and 51-2 at one of the distinct roots a of (1, a),. Hence the integrand 
of the integral (54-3) has a zero of order at least 2 at each place over 
*=oo and is finite. 
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The only other places where the integral could have singularities are 
finite places at which the derivative f, vanishes. These places arise from 
points (a, 6) at which the curve f=0 has a vertical tangent, a multiple 
point with distinct tangents, or a simple cusp. It is easy to see by an 
examination of the expansions used in the proof of Theorem 52-1 that 
the quotient (dx/dt)/f, has no singularity at a cycle of two sheets cor- 
responding to a vertical tangent, and that it has a pole of order g—1 
at each cycle corresponding to a multiple point of order g, and a pole of 
order 1 at a cycle corresponding to a cusp. It follows then that Q(x, y) 
must have the properties of the theorem if the integral (54-3) is to 
remain finite everywhere, and conversely. 

The number of coefficients in a polynomial Q(x, y) of degree vy —3 is 


1 re Ge ee 


The condition that Q(x, y) shall have a multiple point of order g—1ata 
point (a, b) imposes 


12 pee bg —1=¢¢— 1D/2 


linear relations on these coefficients, and the condition that Q shall 
vanish at a cusp imposes one such linear relation. Hence the number of 
arbitrary constants remaining in an adjoined polynomial of degree vy —3 
is 


(54-4) (v — 1)(v — 2)/2 — Yoq(q — 1)/2 — R, 


where the sum is taken for all the multiple points with distinct tangents 
of the curve f=0, and R is the number of simple cusps. But the ex- 
pression (54:4) is precisely the value of the genus p given by formula 
(52-1), as it should be since there are exactly p linearly independent 
adjoined polynomials of degree »y —3, as we have seen above. 
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CHAPTER VIII 


THE REDUCTION OF SINGULARITIES 
BY TRANSFORMATION 


55. Introduction. There are two famous transformation theorems in 
the literature of the theory of algebraic curves. The first of these states 
that every irreducible algebraic curve can be transformed by a Cre- 
mona transformation into another algebraic curve which has no singu- 
larities other than multiple points with distinct tangents. The second 
theorem asserts that every irreducible algebraic curve can be trans- 
formed by a birational transformation into another such curve having 
no singularities other than double points with distinct tangents. For 
convenience we may designate these theorems in this chapter as The- 
orems A and B. 

Theorem A has been with universal agreement ascribed to Noether.* 
In 1871 he stated the theorem and indicated a proof which has since 
been perfected and modified by many writers. The proof in Section 56 
below is one which was published by Picard and ascribed by him to 
Simart. Theorem A has frequently been made a starting point for the 
theory of algebraic functions. For if the curve f=0 has no singularities 
other than multiple points with distinct tangents many of the proofs 
of theorems concerning the algebraic function y(x) associated with it 
can be greatly simplified. An example in the preceding pages of such a 
discussion is the determination of the properties of adjoined poly- 
nomials of degree y—3 in Theorem 54:2. 

The precise origin of Theorem B is much less easy to determine. 
The first published statement and proof of the theorem seems to be one 
by Halphen in 1884. But Halphen ascribed the theorem to Noether; 
Klein states that he first heard of it from Kronecker in 1869; and other 
writers before 1891 seem to have regarded it as familiar material. Since 
1891 the literature concerning the theorem has been greatly extended. 
Many of the published proofs have, however, been criticized, and none 
of them has apparently been adopted with universal or even with wide- 
spread approval. In the reference cited above the writer has called at- 


* For the literature and a discussion of the various methods of proof of Theorems A and 
B see the paper [43] by Bliss. 
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tention to the fact that there are really two Theorems B, one for the 
projective «y-plane, and one for the function-theoretic plane consisting 
of all the pairs of values (x, y) for which « and y themselves range over 
two complex planes. The distinction between the theorems in the two 
cases has not been clearly made in the literature, though they do not 
seem to be easy consequences of each other. If a curve has only double 
points with distinct tangents in the projective plane it will in general 
have singularities of a much more complicated sort in the function- 
theoretic plane, and vice versa. 

The proofs of the two Theorems B in the following pages are based 
upon a most interesting memoir of Kronecker concerning the discrimi- 
nant of an algebraic function, published in 1881. Hensel and Landsberg 
extended Kronecker’s results to secure a proof of Theorem B in the 
function-theoretic plane. Their proof is given, with some modifications 
by the writer, in Sections 59 and 60 below. A similar extension has been 
made by the writer in order to secure Theorem B in the projective plane, 
which seems considerably more difficult to prove. These methods are 
described in Sections 57 and 58. There are many other proofs in the 
literature, but the ones based upon the results of Kronecker are perhaps 
the most interesting from the standpoint of the theory of algebraic func- 
tions because of the information, important in itself, which they give 
concerning the structure of the discriminant. It should be noted that the 
proofs of Theorem B in the following sections are purely analytic in 
character, dependent only upon the expansion theorems of Chapter IT 
and the theory of rational functions in Chapter ITI. 


56. Reduction of singularities to multiple points with distinct tan- 
gents. The theorem to be proved in this section is the following one: 

THEOREM 56-1. By a succession of projective and Cremona transforma- 
tions of the form 


(56-1) f=x-—a4, n = (x — a)/(y — 8) 


every irreducible algebraic curve f(x, vy) =0 can be transformed into one 
having no singular points in the projective plane other than multiple points 
with distinct tangents. This property will be designated as property III 
of f =0. 

First let us suppose a projective transformation to have been ap- 
plied so that f=0 is a curve having the properties I and II of Theorem 
51-1. The intersections of such a curve with the line at infinity are all 
distinct, as one readily verifies, and hence all of its multiple points are 
finite. 
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Consider then a finite multiple point (a, 6) of order g with tangents 
not distinct, and suppose that the «- and y-axes have been rotated so 
that each of the lines x=a and y=d has exactly q intersections with the 
curve at (a, 6) and all of its other intersections with the curve finite and 
distinct from each other and those at (a, 6). If we apply the transfor- 
mation (56-1) the original and transformed curves are 


i2G-2) fix, 9) = Ge — a, —b),-+.-- ~ + (w =e, y = 8);, 
Pee PLE) = (ny boy? in, ego * oe ee 2, Lys 


The latter is of degree 2v —g and in homogeneous coordinates &, 7, ¢ has 
the form 


ee ye oy, Cyan” a ay Os 


At the vertices of the coordinate triangle in the &n¢-plane we find 
multiple points of ¢=0 determined by the initial terms 


(n, ides 
(1, 0), eS + E UL, O)o+1 ae ae a Set ae 0), 
Re gee, tat te), 1), 


On account of the property I and the choice of axes these have distinct 
tangents. On the lines ¢=0 and 7=0 there are no other intersections. 
On the line £=0 there are g other intersections which may lie in mul- 
tiple points the sum of whose orders is at most g. 

A second multiple point (a’, b’) of f=0 is transformed by (56-1) into 
a point (a’, 8’) not on the coordinate axes in the £y-plane, since the 
lines x —a=0, y—b=0 do not pass through it. If we write the trans- 
formation (56-1) in the equivalent form 


x—a’=éE—-a’, y — b! = [(E — a’)B’ — (n — B’)a’|/B'n 


we can verify readily the fact that a multiple point (a’, b’) of (56-2) 
transforms into a multiple point of (56:3) or (56-4) not ona side of the 
coordinate triangle in the &nf-plane, and the new multiple point has the 
same order as before and has distinct tangents if the tangents at 
(a’, 6’) are distinct. 

The accompanying figures show schematically the results of trans- 
forming the multiple points. The lines z=0 and ¢=0 are the lines at 
infinity. The letters at the corners indicate the orders of the multiple 
points. The multiple points at the corners in the &yf-plane have distinct 
tangents. The sum of the orders of those on the line §=0 and not surely 
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having distinct tangents is at most g, and hence each of them has multi- 
plicity less than qg unless there is only one. 

If there is only one multiple point on the line £=0 aside from those 
at the vertices of the coordinate triangle the same process may be ap- 
plied again to that multiple point. It will be shown in the next para- 
graph that after a finite number of such steps the original multiple point 


0) 
So QQ, 
C= 0 F=0 
q y=b V—q 7=0 y 
Fic. 56-1 


of order g will surely be replaced by multiple points with distinct tan- 
gents and possibly by a number of others each with multiplicity less 
than q and with the sum of their multiplicities less than or equal to gq. 
It is evident then that after a finite number of such transformations it 
can be brought about that all of the multiple points remaining have 
distinct tangents. 

To prove that after a finite number of projective and Cremona trans- 
formations like those described above there will surely be more than one 
multiple point distinct from the corners on the side €=0 of the coordi- 
nate triangle, let us assume that the contrary were true. Let C and C; 
denote, respectively, the curve f=0 and the curve deduced from it by a 
first projective transformation and transformation of the form (56-1). 
The degree of Ci would be »;=2v—q=2(v—q)+ q, and C; would have, 
in place of the original multiple point (a, b) of order g, three new mul- 
tiple points with distinct tangents of orders »—g, v—q, v at the vertices 
of the new coordinate triangle, and one of order g on the axis £=0 which 
would possibly have tangents not distinct. We could then repeat the 
process on C; and the multiple point of order g. If the same result were 
always attained after successive transformations we should find a suc- 
cession of curves C; of degrees v,=2"(v—q)+q and the multiple points 
with distinct tangents introduced after transforming C;, would have 
orders v;,—, vr —, Vx. For the curve C,, however, we must have 


29(q — 1)/2 S (ve — 1) (vx — 2)/2, 
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according to the corollary to Theorem 52-1, where the sum is taken for 
all multiple points with distinct tangents of Cy. In particular for those 
introduced for C; by the successive transformations we would have 


k-1 Py ee 1 
Ll = q)(: — ¢ = 1) + 9x: — 1)/2}= 3/2)0 — ae 
2g — 3 kq(q — 1 
+0-9= ‘tah tes =~” S (ve — 1)(% — 2)/2, 


where it is understood that ») =v. The second form for the first member 
of this inequality is found by substituting the value v, = 2*(v—q) +q and 
summing the coefficients of the powers of y—q. By the same substitution 
in the second member this would reduce to 


ee — 92g = 3) 2 (1 (gp 2) 2 — egg — 120 


which is impossible if & is sufficiently large. Hence at some stage there 
must be a curve C; for which the original multiple point of order q of C 
is replaced by multiple points with distinct tangents and multiple 
points of orders less than q. 


57. Curves in the projective plane with double points only. If the 
substitution x =21/%3, y =22/x3 is made in an irreducible algebraic equa- 
tion f(x, y) =0 this equation will take the form 


g(%1, Xe, x3) = x, f(%1/x3, 2/43) = 0 
where g is a homogeneous polynomial in 41, #2, #3 with the degree v which 
f has in x and y. The equation g=O defines a curve in the totality of 


points (a1, x2, x3) which constitute the projective plane. 


Each primitive branch of one of the two forms 
Vite. y = be + +e i, 
(57-1) 
x=a+?, y = be + WH +, 


which satisfies the equation f=0, defines a branch satisfying g =0 of the 
form 


(57-2) oy = dy ae Oh ao > (7 = 1, 2, 3) 


with (a;, d2, as) ~(0, 0, 0). It can be readily verified that every point 
(21, #2, 4%) in a neighborhood of (a1, dz, a3) on one of these branches cor- 
responds to one and but one value of ¢ near ¢=0, since the branches 
(57-1) are primitive and have a similar property. A branch (57-2) which 
has this property is also called primitive. 
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A linear branch (57-2) is one for which the matrix 


ay a2 a3 


Qy As a3 
has rank 2. If the coordinate a; is different from zero, for example, 
equations (57-2) give 

x = %1/%3 = a;/a3 + (asa, — aias)t/af +--- , 

y = X2/x3 = d2/a3 + (dsaq — deas3)t/az +---. 
Since the determinants in the coefficients of ¢ cannot both vanish when 


the matrix above has rank 2, it follows that in terms of x and y the 
branch has one of the forms 


ll 


a(x —a)+---, 
di(y —B)+---, 


(57-3) ye 


Ke ib 


where @=4,/d3, 0 =d2/d3, C1 = (d3Q2 — d2az) /(d3a1— a1a3) and d, is the re- 
ciprocal of c,. Hence a linear branch is one on which y—2 is expressible 
in positive integral powers of «—a, or vice versa. 

Two linear branches with the same vertex a;:d2:a3 have distinct 
tangents provided that the determinant 


ay 2 a3 


/ 
Qa) Qs 3 


is different from zero, the constants a/ being the coefficients of f in the 
second branch. This can be readily verified by comparing the values of 
the constants ¢c, for the two branches. 

If two curves g=0 and g,=0 are equivalent under a projective trans- 
formation of the form 


PVs = Ai1X1 + Ainx%e + Airy (¢ = 1, 2, 3) 


with determinant | a;,|+0, then this same transformation takes the 
totality of primitive branches satisfying the equation g=0 into the 
similar totality for g,=0. Furthermore a linear branch is transformed 
into a linear branch, and two branches with the same center but dis- 
tinct tangents are transformed into two other branches with the same 
property. 

A curve g=( is said to have no singularities other than double points 
with distinct tangents if all of its branches are linear, if the same center 
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(@1, @2, ds) is never shared by more than two branches, and if every pair 
of branches with a common center has distinct tangents. 

THEOREM 57-1. The following conditions A and B are sufficient to 
insure that an irreducible curve f(x, vy) =0 of degree nin y has no singular- 
ities other than double points with distinct tangents in the projective plane: 

A. Atx= the n values of the algebraic function y(x) defined by the 
equation f(x, y) =0 are given by expansions 


(57-4) y= x(b, + bfavt+t.--- ) (k = 1) 


with distinct constants b,, and y(x) has no other poles. 
B. The discriminant of y(«) has the form 


D(x) = V(«)?A(x) 


where A(x) is the product of the factors (x—a)'—! belonging to cycles of r 
sheets, and V(x) is a polynomial with roots distinct from each other and 
those of A(x). 

The most convenient formula for the discriminant for the proof of 
this theorem is 
(57-5) D(x) = fer* [I(ys — yx)? (GR = loeee 1), 

i<ke 

where fy is the coefficient of y" in the polynomial f(x, y) and yi,--+ , Vn 
are the roots of f(x, y). It is the formula (8-5) except for an unessential 
constant factor. 

To prove the theorem let f(x, y) be expressed in the form 


Fl, y) = (%, yo +++ + (%, Wy 


where (x, y); is homogeneous and of degree k in x and y. From the as- 
sumption that the series (57:4) satisfy the equation f=0 it follows 
readily that (1, b.),=0 for every value of k&, and hence that (a, y), 
is of degree exactly m in y since by the hypothesis of the theorem it is 
of degree at most ” in y. Furthermore the degree v of (x, y), in « and y 
together is equal to m since otherwise (x, y), would have a term in y” 
multiplied by a power of x and the coefficient of y" in f would be a poly- 
nomial in x. The function y(x) would then have poles at finite values of 
x as well as x= ~, contrary to the property A of the theorem. The x in- 
tersections of f=0 with the line at infinity are defined by the equation 
(x, y), =0 and are distinct. None of them is a multiple point of the 
curve. Since the term y” actually occurs in (a, y), it follows that fo 
is a constant different from zero. 
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For a root «=a of A(x) the m values of y are given by one or more 
expansions of the form 


(57-6) y=6b+ 0'(« —a)r+.-.-- 


Each of these series furnishes 7 values of y and r(r—1)/2 differences 
yi—¥x in the expression (57-5), each with a factor (w—a)'/" at least. 
Hence if D(x) contains at most a factor (x—a)’— for each cycle, as 
indicated in assumption B, it follows that no two of the series (57-6) 
defining different cycles over x =a can have the same constant term 6, 
and for each of these series the coefficient 6’ is different from zero. The 
value y=6 is therefore exactly an r-tuple root of f(a, vy), by Theorem 
13-2, and (y—d)” is the lowest power of (y—d) alone occurring in the 
expansion 


OTD ICE) = Ge ae poe. Dap ant | ile cigar 


at (x, y)=(a, 6). It can readily be verified that the series (57-6) will 
satisfy f=0 identically only if the term in x—a is present in (x—a, 
y —b),. Hence none of the points (a, b) corresponding to a root «=a of 
A(x) is a multiple point of the curve f=0. 

At a root «=a of V(x) the series (57-6) for y(x) all have r=1 since 
by the assumption B no such root is a branch value of x. Since D(x) 
has exactly the factor (x—a)? it follows that only one of the differences 
Vi —Yx vanishes at «=a, and that for this difference the expansions are 


yp = bela — 6) -- = , 


(57-8) 
ve = b+ O(x —a)+--:-, 


with ¢,4¢c2. The polynomial f(a, y) has no multiple root except the 
double root y =6, and (y—b)? is the lowest power of y—d alone occurring 
in the expression (57-7). The two series (57-8) can satisfy f=0 identi- 
cally only if the terms of the first degree in (57-7) are absent, and if 
(1, ci)eo=(1, c2)2=0. Hence the point (a, ) is a double point of the curve 
f=0 with distinct tangents. 

At every point «=a not a root of D(x) the roots y=6 of f(a, y) are 
distinct and the corresponding points (a, 6) are ordinary points of the 
curve f=0. 

It is easy to verify that the projective branches (57-2) for the curve 
f =0 corresponding to the branches (57-4), (57-6) and (57-8), and to the 
non-singular branches satisfying f=0 as well, have the properties re- 
quired in the definition of a curve with no singularities in the projective 
plane other than double points with distinct tangents. 
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58. Reduction of singularities in the projective plane to double 
points with distinct tangents. In this section it is proposed to prove the 
following theorem: 

THEOREM 58-1. An irreducible algebraic curve f(x, y) =0 can always 
be transformed by a birational transformation into a second such curve 
$(E, n) =0 having no singularities in the projective En-plane except double 
points with distinct tangents. 

Let us consider first a divisor Q=P,-!--- Py! containing g>2p+2 
distinct places on the Riemann surface T of f=0. Such a divisor has 
&=q—p-+1 linearly independent multiples oi(x, y) (@=1,--- , »), 
according to the third row of the table of Theorem 26-2. The theorem 
of this section is to be established by constructing two multiples 


E(x, y) = wai t+ +> + yoy, 
n(x, V) = vio1 f- ++ + yO, 


of the divisor Q having constant coefficients u;, v; and satisfying an ir- 
reducible equation ¢(£, 7) =0 birationally related to f(x, y) =0 and hav- 
ing the properties A and B of Theorem 57-1. 

Since by the corollary to Lemma 26:2 the leading coefficients in the 
expansions of the functions o; at each of the planes P; (k=1,---+,q) 
ate not all zero we know that the constants u; can be selected once for 
all so that the function £(«, y) has a simple pole at each of these places. 
If at one of the places P, 


ST Malet die ae CL ah ey ite 
then 7 has a corresponding expansion in powers of 1/é of the form 
(58-1) n= EB. + BiE1+---), 


where 8, =2,Ci,/C;, this expression being summed for 7 but not for k. 
According to the corollary to Lemma 26:2 the matrix of coefficients ¢,, 

- , Cuz for two of the places P; has rank 2, and it is evident that no 
two of the linear expressions 6; in 7, - - - ,v, have coefficients which are 
proportional. It follows then that if in selecting numerical values for 
v1, °°, ¥, we avoid solutions of a certain system L of linear equations 
the values 6; will all be distinct. Corresponding to a value & in a neigh- 
borhood of =~ the g values 7 defined by the series (58-1) will be dis- 
tinct, and according to Corollary 1 of Theorem 49-1 the irreducible 
equation satisfied by & and 7 will therefore be of degree g and will be 
birationally related to f(x, y) =0. 
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If we denote by m, «~~, mq the values of the function n(x, y) cor- 
responding to a fixed value of &(x, y) then the product 


(58-2) (01, °° * 5 Uy €& 2) = (n — m1) + °° (9 — 2) 


is a polynomial in 1, - - - , 2, &, 7. We see this because the coefficients 
of its powers of 7 are symmetric in m,---, 7, and therefore poly- 
nomials in 2, ---, 2 and rational in £, and they are polynomials in 
£ since they have no poles except at =~. This is due to the fact that 
n(x, v) has no poles except at those of (x, y). The discriminant of the 
polynomial (58-2) with respect to 7, 
Doi, =>, % ) = Tite =m)? Ge = ag 
k<l 
is also a polynomial in the variables’7, - - - , a, €. It may be written in 
the form W(v, - ++, 2%, &)A(~) where A(é) is = product of its ir- 
reducible factors containing & alone. 
Near every place P distinct from the poles of &(x, y) on the Riemann 
surface T of f=0 we have expansions 


Sa a a a e; Say 4 ay ee 
and a corresponding expansion 
(58-3) no ye cay ee 


where y =v:a;, y’ =v:a/ (a’)—!/*, The values n; corresponding to a value 
£ near =a are given by a number of expansions (58-3). Each of them 
contributes a number p of the values n;, and the corresponding p(p —1)/2 
differences n,—7, contribute a factor (& ee ‘to D when the coefficients 
v; are indeterminates. The polynomial A(é) therefore contains the factor 
Te 1 where the product is taken for all of the expansions of the 
form (58-3) corresponding to =a. It can contain no more factors E—a 
since from the corollary to Lemma 26-2 it follows that when the 
variables v; do not satisfy a certain system of linear equations the 
constant terms y in the expansions (58-3) corresponding to =a are all 
distinct, and the coefficients y’ are all different from zero. Hence for 
such a particular selection of the v; the discriminant D contains only the 
factor I(é—a)*1, and D can evidently not contain more factors £—a 
when the coefficients v; are indeterminates. 

The factor W of the discriminant is the product of a number of 
irreducible polynomials in the variables 2, - - - , 2%, £ Each of these 
irreducible factors must occur at least twice in W. Otherwise we could 
select special values for the coefficients v; such that the roots & of the 
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distinct irreducible factors of W would all be distinct and distinct from 
the roots of A(&). A zero £) of a simple irreducible factor of W would then 
be a simple root of D distinct from the branch values of £. But this is im- 
possible since £) must be a zero of one of the factors »,—7: when ex- 
panded in powers of €—£, and each such factor occurs twice in D. No 
irreducible factor of W can occur more than twice in W. For when we 
substitute a value £ distinct from the branch values of € the polynomial 
W becomes the square of a product of factors n,— 7, which are linear 
in v1, ---, 2%, and such that no one is a constant times another, as one 
can see with the help of Lemma 26-2 and its corollary. Hence no 
one of these factors can occur three times in D. It follows that D= 


V(m, - +--+, a4, €)?A(E) where V is a product of distinct irreducible fac- 
tors no one of which contains € alone. 
It is a simple matter now to see that the coefficients 1, -- - , vy, can 


always be selected numerically so that the polynomial ¢(&, 7) has the 
properties A and B of Theorem 57-1. We may select them not satisfying 
a certain system ZL of linear equations, described in a preceding para- 
graph, in order that the coefficients 6, in the expansions (58-1) shall all 
be distinct; and we may furthermore select them so that the roots & of 
the irreducible factors of V(vi, ---, v,, €) are all distinct from each 
other and from the roots of A(£). Then the properties A and B are as- 
sured. The curve ¢(é, 7) =0 is birationally related to f(x, y) =0 and has 
no singularities in the projective plane other than double points with dis- 
tinct tangents. 


59. Curves in the function-theoretic plane with double points only. 
When homogeneous coordinates «1, x and 1, y2 are introduced in the 
equation f(x, y)=0 by means of the relations x=%1/%2, y=i/y2 an 
equation of the form 


A(x1, X23 V1, Yo) = xo ys" f(a1/%2, Vi/Y2) = 0 


is obtained, m and n being the degrees of f in « and y respectively. The 
polynomial / is homogeneous and of degree m in % and %, and homo- 
geneous and of degree in y, and 42. When set equal to zero it definesa 
curve in the function-theoretic plane of points (a1, 42; V1, V2). 

The primitive branches (57-1) which satisfy the equation f=0 are 
transformed into branches of the form 


(59-1) %=atat+-::-, ye= bs + Pitt: (4 = 1, 2) 


satisfying the equation #=0 and having (a, a2) #(0, 0), (bi, bz) ¥(0, 0), 
and furthermore such that each point (a1, 2; y1, y2) on the branch and 
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sufficiently near the center (d1, d2; bi, b2) is defined by only one value of 
¢ near {=0. A branch with this property is said to be primitive, and it is 
furthermore said to be linear if the determinants dja,;—d2a, and 
6,82 — 6281 are not both zero. Two such branches with the same vertex 
are said to have distinct tangents if the expression 


(ayaq — dear )(b{ B2 — b¢ Bi) — (ai ae — ag ay) (biB2 — BY ) 


is different from zero, where the primes designate coefficients of the 
second branch, and it is understood that (a;, az’) =(ka;, ka2) and 
(b/, b/) =(1b,, 1b2) for two branches with the same vertex. A linear 
branch is always representable in one of the forms (57-3), as one 
readily verifies. 

If two curves h=0 and /4,=0 are equivalent under a bilinear trans- 
formation of the form 


px; = Aix) + AigXe, ay — Bayi =F Biove (a = i 2) 


with determinants | a| and | 8x| different from zero the totality of 
primitive branches satisfying 4=0 will transform into the similar 
totality for 4,;=0, and the properties of linearity, and distinctness of 
tangents for two branches with the same center, are preserved. 

A curve h=0 with no singularities other than double points with 
distinct tangents is now defined to be one whose primitive branches 
are all linear and such that no vertex is shared by more than two of 
them, and furthermore such that every pair of branches with a common 
vertex has distinct tangents. 

THEOREM 59-1. An irreducible algebraic curve f(x, y) =0 of degree 
nin y has no singularities except double points with distinct tangents in 
the function-theoretic plane, provided that the algebraic function y(x) de- 
fined by the equation f =0 has the following properties: 

Ay. Atx= the function y(x) has distinct finite values. 

As. The poles of v(x) are simple and at values x =a distinct from each 
other and from the branch values of x. 

B. The discriminant of y(x) has the property B of Theorem 57-1. 

From the property A, it follows that the branches giving the values 
of y(~) at «=o have the form 


x = 1/1, y=b;+ect+--- (t= 16 me) 
where the constants 6; are distinct. These define branches (59-1) which 
are linear and have vertices distinct from each other and those of other 


branches which satisfy f=0. Similarly at the poles of y(x) we have 
branches 
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x=a,r+t, y = bef 1 + ce + diet +> > 


with distinct values a,, and those branches define branches (59-1) 
which are linear and have vertices distinct from each other and those 
of other branches. The remainder of the proof is similar to that of The- 
orem 57-1. 


60. Reduction of singularities in the function-theoretic plane to 
double points with distinct tangents. The theorem to be proved in this 
section is similar to that of Section 58 but a simpler birational trans- 
formation can be used, as indicated in the following theorem: 

THEOREM 60-1. An irreducible algebraic curve f(x, y) =0 can always 
be transformed by a birational transformation of the form 


(60-1) g= x, n = (2, ¥) 


into a second such curve $(x, n) =0 having no singularities in the function 
theoretic plane except double points with distinct tangents. 

To prove this we start from a divisor Q=P,!-.--P,-! with 
g>2p+2, as in Section 58, whose places P;, (k=1, - - - , g) have values 
x, which are distinct from each other and from the values of x at 
branch places on the Riemann surface T of f(x, y) =0. With the help of 
the corollary to Lemma 26-2 we see that the function 


n(x, y) = 9104 -- *** b Uyoy 


will take g distinct finite values at x= % and have a simple pole at each 
place P; provided that the coefficients v; do not satisfy a certain system 
L, of linear equations. It follows then, by Corollary 1 of Theorem 49-1, 
that the degree of the irreducible equation (x, 7) =O satisfied by x and 
n is exactly g, and that this equation is birationally equivalent to f=0 
by the transformation (60:1). The curve ¢=0 has evidently the 
property A; of Theorem 59-1, and the property A: is an immediate 
consequence of the way in which the places P, in the divisor Q were 
chosen. 

To show that the coefficients v; can be chosen numerically so that 
$(x, n) has the property B we may consider the discriminant 
(60-2) Di, > +, % *) = 68°? [Tm — 1)? (kh, bal, +, 9) 

k<l 

of the algebraic function n(x) defined by the equation ¢=0. The factor 
go is the coefficient of 72 in the polynomial ¢(a, 7) and must contain a 
factor «—x, for each of the places P; where n(x) has a simple pole. At 
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each such place P; one only of the values 7; has a simple pole, and the 
product in equation (60:2) has a pole of order 2g—2 which is canceled 
by the factor preceding the product. Since the places P; are the only 
finite places where D could become infinite it follows that D is a poly- 
nomial in x as well as 11, :- - , v,. It may now be proved as in Section 
58 that D isa product of the form D=V(n, - - - , o4, «)*A(x) where V 
has distinct irreducible factors all containing the variables 7, --- , a, 
and A(x) is the product II(#—a)’—! formed for all branch places on T. 
If we select numerical values 1, - - - , v, not satisfying the system J, of 
linear equations mentioned above, and so that the roots x of the irre- 
ducible factors of V are distinct from each other and those of A(x), then 
the curve ¢(x, 7) =0 will be birationally related to f(x, vy) =0 and will 
have the properties Ai, As, B of Theorem 59-1. It will therefore have no 
singularities except double points with distinct tangents in the function- 
theoretic plane. 
REFERENCES FOR CHAPTER VIII 

The literature concerning the reduction of singularities by birational 
transformation is extensive. It has been listed by the author in the 
reference numbered 43 in the list at the end of this book. For the special 
methods of this chapter see 28, pages 402-409, and 41. 


CHAPTER IX 
INVERSION OF ABELIAN INTEGRALS 


61. Introduction. The importance of the problem of the inversion of 
an Abelian integral, to be discussed in this chapter, will be understood 
from the fact that all of the elementary transcendental functions, and 
many other such functions besides, can be defined as Abelian integrals 
or as inverses of such integrals in the manner described in the following 
paragraphs. The function log x, for example, may be defined by the first 
of the equations 


“= { dx/«x = log ‘x, x = Exp 4, 
1 


and the exponential function e“, which will be denoted here by Exp u, is 
then the solution of this equation as a function of uw, the so-called inverse 
of the function defined by the integra]. The functions arc sin x and sin « 
are related in a similar manner, as indicated by the equations 


xz 
“= { dx/(1 — «?)1/2 = arc sin x, x = sin uw, 
0 


and the other trigonometric functions and their inverses can be defined 
in analogous ways. 

These definitions of elementary transcendental functions suggest 
the desirability of studying the possibility of the determination of in- 
verse functions x(u), y(w) by means of an equation of the form 


(2, y) 

(61:1) C= { n(x, y)dx, 

(2o9,Yo) 
where the integral on the right is an arbitrarily selected Abelian integral 
on the Riemann surface of an irreducible algebraic equation f(x, y) =0. 
It turns out, however, that the integrals « which define single-valued 
inverses «(u), y(u) are very special ones relative to the total class of 
such integrals. In the following pages these special cases are analyzed, 
and it is shown that for them the inverse functions defined are rational 
functions of u, or rational functions of a simple exponential of the form 
Exp (u/a), or the so-called elliptic functions. 
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62. Integrals which define single-valued inverses. It is quite easy to 
discover the types of integrals which have single-valued inverses, with 
the help of the theory of rational functions and their divisors developed 
in Chapter III. Suppose that the integral (61-1) has such inverses 
«(u), y(u). At one of its ordinary places P on the Riemann surface T its 
expansion 


(x,y) 
(62:1) = iH n(x, y)dx = m+ ch +--: (e x O}, 
(Z9,Yo) 
must have the exponent p equal to unity. Otherwise the equation (62-1) 
would define a solution series for ¢ in powers of (#—m)"/? of the form 


p= Cy — wate 


and to each value of # near to m there would correspond by this equa- 
tion p values of ¢ and consequently p places (x, y) on T near P for each 
of which equation (62-1) would be satisfied. The equation has a single- 
valued inverse only when p=1. 

Since when p = 1 the value of c in the expansion (62-1) is the value of 
the product ndx/dt at the place P, it follows that this product can have 
no zeros on the surface 7. The divisor of the product has therefore the 
form Q,X/D?=1/TI, where Q, is the divisor of 7, X/D? is the divisor of 
dx/dt, and I is an integral divisor. The order g of J is g=2—2p) since the 
orders of Q, and X/D? are zero and w—2n =2p—2, respectively, in ac- 
cordance with Corollary 2 of Theorem 21:4. Since g=2—2p is neces- 
sarily positive or zero it follows that the only possible values for the genus 
p when the integral (62-1) defines single-valued inverses are p=0 and 
p=. 

In the case p=1 the value of g is zero and the product ndx/dt has 
the divisor Q,X/D?=1 and has no zeros or poles on the surface 7. The 
integral (62:1) is then an integral of the first kind. When p=0 we have 
qg=2, and the divisor of ndw/dt has the form Q,X/D?=1/P,P.. If the 
places P; and P» are coincident the integral (62-1) is an integral of the 
second kind with a simple pole, and if P; and P» are distinct it is an 
integral of the third kind with two simple logarithmic places and no 
other singularities. These results may be summarized in the following 
theorem: 

THEOREM 62-1. If an Abelian integral 


(2,w)| 
(62:2) “= f n(x, y)dx 


(Lo+Vo) 
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on the Riemann surface T of an irreducible algebraic equation f(x, y) =0 
defines single-valued inverse functions x(u), y(u), then the genus of the 
curve f=0 must be either p=0 or p=1. In the case p=0 the integral is 
either of the second kind with a single simple pole, or of the third kind with 
two simple logarithmic places and no other singularities. In case p=1 the 
integral is of the first kind. 

The integrals which may have single-valued inverses are thus of 
relatively simple kinds, but the functions which they define and their 
inverses are some of the most useful ones known to mathematicians, as 
we shall see in the following sections. 


63. Inverse functions for the case p=0. It has been seen on page 
117 that when p=0 all integrals of the second kind are single-valued on 
the Riemann surface 7 and are expressible as rational functions of x and 
y. An integral (62-2) of the second kind which has a single-valued in- 
verse is therefore a rational function &(x, y) with a single simple pole. 
The equation u=£(x, y) with the equation f(x, y) =0 consequently 
define x and y as rational functions of u, as shown in the proof of The- 
orem 50-1. The inverse functions «(~), y(w) for the integral (62-2) are 
therefore in this case rational functions of w. 

When the integral (62-2) is of the third kind with two simple log- 
arithmic singularities at places P; and P: we can always construct a 
rational function &(x, y) with a simple pole at P: and a simple zero at 
P,. For by the third row of the table of Theorem 26-2 for the case 
p=0, q=1 there are w=2 linearly independent functions with no 
singularities other than a simple pole at P2, and a linear combination 
of them can be selected which vanishes at P;. According to Theorem 
40-3 the function log [&(x, y)/£(x0, yo) |] is expressible as an Abelian 
integral with simple logarithmic singularities at P, and Ps, and the dif- 
ference u—a log [E(x, y)/E(xo, vo) | will be an integral with no singu- 
larities provided that a is the residue of the integrand 7 of the in- 
tegral (62-2) at the place P;. The integral expressing the difference 
u—a log (é/&) must have its integrand identically zero since when p =0 
there is no integral of the first kind. Hence we have 


E(x, y) = E(x, yo) Exp (w/a). 


The argument applied in the last paragraph now shows that « and y are 
expressible as rational functions of Exp (w/a). 

THEOREM 63-1. When p=0 an integral (62-2) of the second kind with 
a single simple pole defines single-valued inverse functions x(u), y(u) which 
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are rational in u, an integral of the third kind with two simple logarithmic 
places and no other singularities defines single-valued inverse functions 
a(u) and y(u) which are expressible rationally in terms of Exp(u/a), 
where a is a residue of the integrand n(x, y) of the integral. 

The integral of the third kind for the case p=0 is single-valued for 
integration paths on a surface 7’’ formed from T by joining the log- 
arithmic singularities P; and P, by a cut. The period of the integral 
across this cut is 27ia, where a is the residue described in the the- 
orem, and the values of the integral corresponding to arbitrary paths 
on T from (a, Yo) to (x, y) differ by integral multiples of this period, 
since when p=0 there are no other periods. It is evident, therefore, that 
if a value wu corresponds to a place (x, y) then all of the values u+-m2z7ia, 
where m is an integer, will correspond to the same place. The inverse 
functions x(u), y(w) must consequently be periodic with the period 
2mia, as indicated also by the fact that they are expressible rationally 
in terms of the function Exp (w/a) which has the same period. 


64. Inverse functions when p=1. Every integral (62-2) of the first 
kind defines single-valued inverse functions x(#), y(w) when p=1. To 
prove this we may notice in the first place that equation (62-2) has at 
most one solution (x, y) for each value of uw. If it were satisfied by two 
places Pi =(x, v1), P2=(axe, v2) and the same value u there would be a 


- += 


Fic. 64:1 


rational function £(«, y) with a simple zero at P,; anda simple pole at Ps, 
according to the corollary to Theorem 40-4. But this is impossible when 
p=1, by Theorem 26-4. 

We can also prove that equation (62-2) has at least one solution 
x(u), y(u) for every finite value uw. To do this let us consider the curve 
I in the w-plane which corresponds to the boundary B’ of the simply 
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connected Riemann surface 7’ by means of equation (62:2) in which 
the path of the integral is supposed not to cross the boundary of T’. It 
is a curvilinear polygon, as shown in Figure 64-1, whose opposite sides 
are congruent under the translations #,=u-+2a, and #;=u+2we, where 
2w; and 2a, are the periods of the integral (62-2) across the cuts a; and 
b;. If u’ is a value in the interior of I the first integral in the equation 


du/(u — uw’) = dx/(u —~u! 
f u/(u — uw’) Jo x/(u ~~ u') 


has the value 277, and since the product ndx/dt has no singularities on 
T’ it follows that in the second integral the denominator u(x, y) —w’ 
must vanish at one place P’ =(x’, y’) at least on the interior of T’. The 
same reasoning applied to the two integrals in opposite order shows that 
every value wu’ of u(x, y) at a place P’ interior to T’ must be interior to 
I’. Hence equation (62-2) defines a one-to-one correspondence between 
the surface 7’ and the parallelogram I’ when the paths of integration 
of the integral do not cross the boundary of 7’. Equation (62-2) has 
further a solution x(u), y(w) for every finite value u, whether on the 
parallelogram I or not, provided that the path of integration of the 
integral is properly chosen. This follows from the fact that every such 
value wu is expressible in the form u=u’+2mo,+2mo2w. where m, and 
m, are integers and w’ is on I or its interior. Hence if values x’, y’ cor- 
respond to u’ by means of equation (62-2) with a path of integration 
on 7’, they will also correspond to uw by the same equation with a path 
on T which crosses the period cuts a proper number of times. The func- 
tions x(u), y(w) thus defined on the entire u-plane are therefore single- 
valued and doubly periodic with the periods 2a; and 2a». 

It is easy to see that x(w) and y(uw) have no singularities in the finite 
u-plane other than poles. To prove this we may show first that the 
product ndx/dt has no zeros on the Riemann surface 7. Its divisor 
O,X /D? has in fact the order zero when p =1, as was seen in Section 62, 
and this shows that ndx/dt has no zeros, since for an integral of the first 
kind it can have no poles. The expansion for the integral (62:2) at an 
arbitrary place P on T has therefore the form 


(z,y) 
(64-1) u= f q(x, ydx =m +ot+--:, 
(2o,Yo) 


where u and ¢ are the values of the integral and its derivative ndx/dt 
at P, and c is different from zero. For values of u near to ™ the places 
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P=(x, y) on T where equation (64:1) is satisfied are consequently de- 
fined by a series 


(64-2) t=c(u—m)+---: 


in positive integral powers of w—m. The corresponding values of «(u), 
y(u) are found by substituting the value of ¢ from (64-2) in the expan- 
sions of the branch satisfying f=0 with vertex at P. It is evident then 
that x(w) and y(uw) have no singularities except poles. Hence we have 
the following theorem: 

THEOREM 64-1. When p=1 an Abelian integral (62- 2) of the first 
kind defines single-valued inverse functions x(u), y(u) which are holo- 
mor phic except for poles in the finite u-plane and which are doubly periodic. 
The periods of x(u) and y(u) are the periods 2w, and 2a, of the integral 
(62-2) on the cuts a, and by. 

According to the corollary to Theorem 35-3 the periods 2; and 
2w2 do not satisfy any linear relation of the form aa;+6w2=0, where a 
and bare real constants. Two periods of this sort are said to be independ- 
ent. An elliptic function g(u) is by definition one which is holomorphic 
except for poles in the finite u-plane and which has two independent 
periods 2w;, 2w,. The inverse functions x(w), y(w) in Theorem 64-1 are 
evidently elliptic functions. 

Coro.iary. Every irreducible algebraic curve f(x, y) =0 of genus p=1 
is representable parametrically in the form x=x(u), y=y(u) where x(u) 
and y(u) are elliptic functions with periods 2w; and 2w. equal to those of an 
integral (62:2) of the first kind associated with the curve. 

This representation of a curve of genus p=1 is analogous to that for 
a unicursal curve of genus p=0 in equation (50-1). 


65. Analogies between elliptic functions and rational functions of 
x andy. The following theorem describes a correspondence between 
rational functions on the Riemann surface of a curve f(x, y) =0 and 
elliptic functions by means of which many properties of the latter may 
be deduced as corollaries to theorems which have been proved in pre- 
ceding pages concerning the former, or vice versa. In the following 
paragraphs, after the proof of the theorem, a number of such properties 
and their analogues in the theory of rational functions are listed. 

THEOREM 65-1. Every elliptic function g(u) with the periods 2, 2we 
of an integral 


(x,y) 
(65-1) “= { V(x, y)dx 


(%o,Ve) 
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of the first kind on the Riemann surface T of an irreducible algebraic curve 
of genus p=1, ts a rational function &(x, y) when the value (65-1) for u 
is substituted in it. Every rational function E(x, y) becomes similarly an 
elliptic function g(u) when the inverse functions x(u), y(u) defined by the 
equation (65-1) are substituted. For every zero of g(u) in the period paral- 
lelogram TY there is a zero of &(x, y) of the same order at the corres ponding 
place on T, and similarly for poles. 

To prove the theorem we see first of all that the result of substituting 
the integral (65-1) in an elliptic function g(z) is a function &(x, y) which 
is independent of the path of integration used for the integral, on ac- 
count of the periodicity of g(w). Consequently (x, y) is single-valued on 
the surface 7. The expansion for &(«, vy) near a place P at which the 
integral (65-1) has the value m on T is found by substituting the series 
(64-1) in the expansion for g(u) in powers of u—w,. Since the coefficient 
c in (64-1) is different from zero it follows that the orders of g(w) and 
E(x, y) at corresponding places are the same. Since g(z) has no singulari- 
ties in the finite u-plane except poles the same is true of £(x, y) on the 
surface 7, and &(x, y) is therefore rational. It is clear that every rational 
function &(x, y) becomes an elliptic function g(w) when the inverse 
functions x(u), y(w) are substituted, and by reasoning similar to that 
described above it follows that the orders of &(x, y) and g(w) at corre- 
sponding places are the same. 

The equation (65-1) defines a one-to-one correspondence between 
the points of the period parallelogram I and the places on the Riemann 
surface JT. According to the last theorem every property of rational 
functions &(x, y) on T should therefore give a corresponding property 
for elliptic functions on the parallelogram I’. In the following tabulation 
a number of such correspondences are listed involving theorems con- 
cerning rational functions which have been proved in preceding pages. 
It is always understood that the functions &(x, y), n(w, y) of the the- 
orems are rational functions on the Riemann surface 7 of an algebraic 
curve f(x, y) =0 of genus p=1, and that the elliptic functions have the 
periods 2w;, 2w2 of an integral of the first kind on 7. 


A rational function &(x, y) with An elliptic function g(#) with no 

no poles on T is a constant. poles in its period parallelogram I 
is a constant. 

The sum of the orders of the zeros The sum of the orders of the zeros 

and poles of &(x, y) on T is zero. and poles of an elliptic function g(w) 

on its period parallelogram I is zero. 

The sum of the residues of £(x, y) The sum of the residues of an 

on T is zero. elliptic function in its period paral- 


lelogram is zero. 
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There exists no function &(x, y) 
with a single simple pole on 7. 


The sum of the values of an in- 
tegral of the first kind at the zeros 
of a rational function (x, y) differs 
from the sum of its values at the 
poles of &(«, y) by a period 2m; 
+ 2mows. 

Every pair of rational functions 
E(x, y), n(x, y) on T satisfies an irre- 
ducible algebraic equation $(£, »)=0 
of genus p=1 or p=0. A necessary 
and sufficient condition that the 
curve ¢=0 shall be birationally re- 
lated to f=0 and have genus p=1 is 
that there exists a constant a such 
that the values of n at the zeros of 
E(x, y)—a@ on T are distinct. The 
degree of ¢ in 7 is then the sum of 
the orders of the zeros of € (x, y) on T. 

Every rational function ¢(«, y) on 
T is expressible rationally in terms 
of two such functions é(x, y), n(x, y) 
for which the corresponding irre- 
ducible curve ¢(£, »)=0 is bira- 
tionally related to f=0 and has 
genus p=1. 
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There exists no elliptic function 
having a single simple pole in its 
period parallelogram. 

The sum of the values of uw at the 
zeros of an elliptic function g(w) in 
the period parallelogram I differs 
from the sum of the values of wu at 
the poles of g(w) in I by a period 
2m; + 2mows. 

Every pair of elliptic functions 
g(u), h() satisfies identically an irre- 
ducible algebraic equation $(g, )=0 
of genus p=1 or p=O. A necessary 
and sufficient condition that the 
curve ¢=0 shall be birationally re- 
lated to f=0 and have genus p=1 
is that there exists a constant a such 
that the values of A(u) at the zeros 
of g(u)—a@ in TI are distinct. The de- 
gree of ¢ in # is then the sum of the 
orders of the zeros of g(u) in T. 

Every elliptic function k() is ex- 
pressible rationally in terms of two 
such functions g(#), (uw) for which 
the corresponding irreducible equa- 
tion ¢(g, #)=0 is birationally re- 
lated to f=0 and has genus p= 1. 


Let us consider for the moment the integral of the first kind 


(65-2) 


u— 


(x,y) 
i dx/y 
(0,1) 


for the algebraic function y(*) defined by the equation 


(65-3) y? — (1 — x°)(1 — Rx®) = 0 (0<k<1). 


The equation (65-2) defines inverse functions «(w), y(#), and the funda- 
mental elliptic function suw of Jacobiis by definition the function «(z). 
Near a place («, y) on the Riemann surface T of the algebraic function 
y(«) defined by equation (65-3) the integrand of the integral (65-2) is 
a function of « and the upper limit of the integral is x. The equation 
(65:2) becomes an identity in « when x«=smuw is substituted for this 
limit. Hence by differentiation with respect to ~ we find 1=(1/y)dx/du 
and y=d snu/du. According to the last theorem in the list above every 
elliptic function with the periods of the integral (65-2) is expressible as 
a rational function of saw and d snu/du. Ina similar manner the funda- 
mental elliptic function x= g(u) of Weierstrass may be defined as the 
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inverse function for the integral (65-2) on the Riemann surface of the 
algebraic function defined by the equation 


y? — 4x3 + gox + 23 = 0, 


and the corresponding function y(z) is the derivative y= »’(u). Every 
elliptic function with the periods of g(w) is rationally expressible in 
terms of e(w) and ¢’(u). 


66. Further remarks concerning elliptic functions. The theorems 
concerning elliptic functions in the dual list given in the preceding 
section may seem at first sight to have only a restricted application, 
since the periods 2w;, 2w. of the functions must be those of an integral 
of the first kind on the Riemann surface of an algebraic function of 
genus p=1. If we are willing to accept the existence of the elliptic func- 
tion g (wv) of Weierstrass, however, when two arbitrarily selected periods 
2w;, 2w. for it are given, we can show that these periods are those of an 
integral of the first kind, as described above, and hence that the the- 
orems are true for all elliptic functions. The existence proof for the func- 
tion g(u) is a fundamental one in the books on the theory of elliptic 


functions. 


Fic. 66-1 


A number of the theorems listed in the last section can be proved 
directly with very little difficulty for elliptic functions with any inde- 
pendent periods 2w:, 2w2, whatsoever. We can see in the first place, with 
the help of Theorem 6-1, that an elliptic function g(#) with no poles is a 
constant. For the absolute value of such a function will have an upper 
bound MM in the period parallelogram 7 of Figure 66-1 which will also 
be an upper bound for | g(w) | in the whole finite w-plane. A function 
g(w) with such an upper bound is a constant, as stated in Theorem 6-1. 
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In every finite region of the w-plane the poles of an elliptic function 
g(w) are isolated from each other, since otherwise they would have an 
accumulation point which would be an essential singularity, and an 
elliptic function has by definition only poles as singularities. If g(u) has 
poles on the boundary of the period parallelogram 7 the parallelogram 
can be translated slightly to a new position in which it contains all the 
poles of g() which lie on 7 and which is such that no poles of g(w) lie 
upon its boundary. On account of the periodicity of g(w) the integrals 
of g(uw) in the same direction on two opposite sides of such a period paral- 
lelogram are equal, and hence the integral of g(u) around the boundary 
of the parallelogram is zero. It follows at once that the sum of the resi- 
dues of an elliptic function in a period parallelogram z is zero, and that 
there is no elliptic function with a single simple pole in z. 

By differentiating the equation 


g(t + 2myw: + 2mowe) = g(u) 


we see that the derivative g’(wz) of an elliptic function is an elliptic func- 
tion with the same periods. Hence the sum of the residues of the quo- 
tient g’(w)/g(u) in the parallelogram 7 is zero, which means that the 
sum of the orders of the zeros and poles of g(w) in 7 is zero. 

When two independent periods 2:, 2m: are selected arbitrarily 
there exists an elliptic function g(w) having these periods, having a pole 
of order 2 at the origin and no other pole in the period parallelogram 7, 
and having the constant term zero in its expansion at «=0. Further- 
more this function is an even function so that e(—) = e(w). The proof 
of these results is beyond the scope of this book, but it is an important 
part of the Weierstrassian theory of elliptic functions and is given in 
every treatise on the subject. Let us accept these properties of the func- 
tion g(#) and see what further conclusions can be drawn. 

By differentiating the relation 9(—w) = (w) it is seen that @’(—w) 
= — g’(u) and hence that »’(u) is an odd function. From this and the 
periodicity of »’() it follows that 


(ws) == g/(— wi) = — g'(a) 


so that w=, is a zero of »’(u). A similar argument shows that w: and 
w+ w2 are also zeros. All three of these zeros are simple since ¢’(u) has 
a pole of order 3 at «=0 and no other pole in 7, and the sum of the or- 
ders of its zeros and poles in z is zero. If we denote by ey, és, es the values 
of (u) at or, wit+we, w, respectively, we may infer readily that e,, 
é2, és must be distinct, since each difference g(w) —e; has no pole in 7 
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other than one of order 2 at «=O, and it can have no zero in 7 other 
than the one of order 2 which it has at the one of the points a, w+ we, we 
which corresponds to e;. With the help of this result we see that the two 
elliptic functions 


e’? (1), 4[ e(u) — e:|[e(u) — e|[ e(u) — es] 


have the same zeros and poles in 7 and hence that their quotient is a 
constant. By comparing their expansions at u=0, where 


e(u) = 1/w2+cuw2+.--- , g'(u) = — 2/u® + 2cu+.--- , 


we see that the value of the constant is unity, and that the term in 
e*(w) in the product on the right must vanish. Hence the functions 
x= 9(u), y= 9'(u) satisfy an algebraic equation of the form 


(66-1) y? = 4x* — pox — 83 


where the roots of the second member are distinct numbers ¢1, é2, é3 
such that e:+e2.+e;=0. By examining the expansions for the simple 
algebraic function y(x) determined by this equation we see that the 
genus of the equation is p=1. 

If the equation »(w+2w) = g(u) is an identity in uw, then w=mo, 
+m2w2, where m, and m, are integers. This equation in fact implies that 
for every value of u the sum u+2w is congruent modulo a period to 
either u or —uw. It is evident that w+2w cannot be congruent to — for 
all values of wu. There must therefore be values wu for which u+2w is 
congruent to w, and it follows readily that w has the form given. A pair 
of primitive periods of »(u) is a pair of periods 2w/, 2w: which satisfy 
equations of the form 


(66: 2) wy = M11 ®1 + M1, we, we = M21 @1 + M22 We 


in which the coefficients m;, are integers with determinant equal to +1. 
Every half-period w is evidently expressible linearly in terms of wy, 
w? with integral coefficients, as well as in terms of w; and we. With these 
results in mind we may prove the following theorem. 

THEOREM 66-1. For every pair of independent periods 20, 2w» there ex- 
ists a pair of elliptic functions 


(66-3) x = 9(u), y = e'(u) 


having these periods and satisfying an irreducible algebraic equation (66-1) 
of genus p=1. For each pair (x, y) satisfying the equation (66:1) there exists 
one and but one solution u of equations (66:3) in the period parallelogram mr, 
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and the totality of solutions of (66-3) is the set of values u+2myo, +2m2w2 
where m, and mz are integers. These solutions are the values of the integral 


of the first kind 
(z,y) 
(66-4) w= ii dx/y 
( 


ZqsVo) 
on the Riemann surface T of equation (66-1), except for an additive con- 
stant. The periods 2w{, 2wz of the integral are a pair of primitive periods 
for the function 9(u). 

The first statement of the theorem has been proved above. For a 
given value x the first equation (66-3) has a pair of solutions uw and 
—u-+2w;+ 2a, in the period parallelogram, at which 9’(w) has opposite 
signs. When « and y satisfy equation (66-1) one and only one of these 
solutions makes »’(u) =y. It is evident then that, the solutions u of the 
equation (66-3) have the properties described in the second sentence of 
the theorem. 

Every solution uw of the equations (66-3) can be joined to the point 
uo in m corresponding to (x0, vo) by a path C, in the w-plane not passing 
through any point congruent to a half-period. The equations (66-3) 
then define a corresponding path C on the Riemann surface T of equa- 
tion (66-1) not passing through any branch place (x, y) =(e;, 0) on T. 
On the path C the integral w is a function of w with the derivative 
dw/du=(1/y)dx/du=1. Hence at corresponding places on the paths C 
and C, we have w=u—vo, and it is evident that every solution wu of the 
equations (66:3) is equal to wo plus a value of the integral (66:4) on a 
properly chosen path C joining (x0, yo) to (a, y). 

Every value w of the integral (66-4) defined by a path C joining the 
places (ao, vo) and («#, y) on the Riemann surface T is equal to a dif- 
ference #—wo in which wu is a solution of equations (66:3) corresponding 
to (x, y). For one can readily see that the equations (66-3) define a path 
C; in the w-plane corresponding to C and joining up to a solution u of 
these equations. The argument of the preceding paragraph then shows 
that w=u—wUo. 

If the variable place (a, y) describes the period cut 5; on the surface 
T from an initial place (#0, yo) back to that place again, the correspond- 
ing value w describes a path in the w-plane leading from a point uw to a 
congruent point #0 +2mn@1+2mpw.. If we designate the periods of the 
integral (66-4) by 2, 2w/, then on the path 6, we have w=2w/, 
and hence by the relation w=#—wp on the paths 6, and C, it follows 
that w/ is expressible in the form (66-2). A similar argument justifies 
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the second equation for w/. By starting from paths C; in the u-plane 
leading from a fixed point uo to points #o+2w; and w)+2w2, we may 
see similarly that equations of the form 


#25 / / ——- / U 
(66-5) @1 = 24,0; + Ny we, We = M1 W1 + Noe Wee 


hold with integral coefficients ;;. Since the succession of the two 
transformations (66-2) and (66-5) must be the identity it follows read- 
ily that the determinant of the coefficients m;;, is either +1 or —1, and 
the theorem is proved. 

Theorem 66-1 makes it clear that for every pair of independent 
periods 2w;, 2w2 there is an algebraic curve f(«, y) =0 of genus p=1 
whose integral of the first kind has 2; and 2w: as primitive periods. 
Hence we see that the theorems of Section 65 must hold for all elliptic 
functions. 

Coroxrary. [f a pair of elliptic functions g(u), h(u) define parametri- 
cally a curve 


(66-6) x = g(u), y = h(w) 


such that to each point (x, y) on the curve there corresponds one and but one 
point u on a period parallelogram, then the curve has an irreducible alge- 
braic equation f(x, y) =0 of genus p=1. The values u corresponding by 
equations (66-6) to the places (x, y) on the curve are the values of an 


integral of the first kind 
(x,y) 
w= { W(x, y)dx 


(2o,VY9) 


on the Riemann surface T of f=0. The periods of the integral are a pair of 
primitive periods of the functions g(u) and h(u). 

The first statement of this theorem is a consequence of the next to 
last theorem concerning elliptic functions, in the dual list of Section 65. 
Let % be the solution of equations (66-6) in the period parallelogram 7 
corresponding to the place (a, yo) on the Riemann surface T of the 
equation f(x, y) =0. By a proof similar to that of Theorem 66:1 we may 
see that to every path C on the Riemann surface T of the curve f=0, 
joining (x9, yo) to (x, y) and consisting only of finite ordinary places 
(x, y) on T, there corresponds by means of equations (66-6) a unique 
path C; on the w-plane joining mu to a solution uw of equations (66-6) 
and not passing through any pole of g(u) or h(w) or any zero of g’(u). 
Conversely every path C; with these properties defines a corresponding 
path C. On such a path C the values of the derivative 
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dw/du = W(x, y)dx/du = W(x, y)g/(w) 


are the values of a rational function of « and y since the derivative g’(w) 
is rationally expressible in terms of g(w) and A(u), by the last theorem 
of the list for elliptic functions in Section 65. The rational function 
representing dw/du has no poles on the Riemann surface 7, since 
otherwise w itself would have singularities in the w-plane when the 
functions (66-6) are substituted and would not remain finite near cor- 
responding places (x, y) on T, which is impossible for an integral of the 
first kind. Hence dw/du is a rational function with no poles on T and 
therefore a constant, and we see that it will be unity if we modify w by 
a suitable constant factor. Let us suppose that this has been done. Then 
for the paths C and C, we have w=u—w» as in the proof of Theorem 
60-1. The remainder of the proof of the corollary is the same as that of 
the original theorem. 


REFERENCES FOR CHAPTER IX 
References for the inversion problem when p=1 are: 2, 1st ed., Vor- 
lesung IX; 18, Chapter X; 27, Chapter XXII. For the theory of elliptic 
functions one may consult the standard texts. For more general inver- 
sion problems see 4; 11, Memoire VI; 13, Chapter X; 18, Chapter X; 
20, Part II; 21, Chapter IX; 27, Abschnitt III; 47, Chapter VIII. 


CHAPTER X 
EXAMPLES 


67. Introduction. It is not always easy to apply the theorems de- 
veloped in the preceding pages to an arbitrarily given special case of an 
algebraic function. Examples can be selected, however, for which var- 
ious parts of the theory can be carried through with reasonable calcula- 
tion. In the following pages a number of such cases are worked out in 
considerable detail, and other examples are listed which can be similarly 
discussed. Sections 68-70 are devoted to examples for which the expan- 
sions at singular points and at x= ~, or the Riemann surfaces, can be 
determined without serious difficulty. In Section 70, in particular, equa- 
tions of the elliptic and hyperelliptic types are treated. Additional 
methods are developed in Sections 71—76 for algebraic curves f(x, y) =0 
which are of the third degree in y, or of the fourth degree in x and y. For 
the former case the results are attained by rational methods depending 
upon the computation of greatest common divisors. In the final section 
of the chapter examples are given to which this theory can be applied. 


68. Examples for expansions. For the purpose of illustrating the 
determination of the expansions of an algebraic function let us consider 
the special equation 


(68-1) He WY = 9 + ey + x = 0 
which has been discussed by Baur [19, p. 56]. The discriminant of this 
equation, according to the results of Section 8, is 

D(%) = 3x7(42' + 27), 


and the values of x over which there may be branch places are therefore 
x=0, x=, and the seven roots x=& of the equation 4&7+27=0. We 
can readily tabulate the corresponding solutions y of equation (68-1) 
as follows: 


x ; y; y 
0 0, 0, 0 
ce 0, 00, cre) 
E — 3/28, — 32k", 3/§?. 
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The first two values in the last row are equal to the one of the two roots 
(— &/3)2 = +3/2& of the derivative f,(£, y) =3y?+& which satisfies 
f(é, vy) =0 also. The branches corresponding to these values of x will be 
determined in the following paragraphs, but the results may be collected 
in advance as indicated in the following list: 


Neg 0: xg = fF, y = wt + (w?/3)B + --- (w3 = — 1), 
Ate = eos = geile, y= =f Paes 

ct NW ie y = £34 + F/2 + + * ), 
sa et FM at Sr okt AF omen or) V2 2g LW! Bh a 

et en es Ye f tea (UOT SEE am aes 


At the place («, y) =(0, 0) Newton’s polygon has the simple form 
shown in Figure 68-1. The corresponding substitution is x=, y=tu 
which with the help of (68-1) gives the equation 


w+tu 1 = 


\ (3, 1) 


\ 
\ 
(1, 0) 
Fic. 68:1 
in the variables ¢, w. If we substitute the series 
u = Cot cit + cof? +--- 
in this equation and determine its coefficients by comparison we find 
uw = w+ (w?/3) +--+ , 


where w is a primitive cube root of —1. This gives at once the branch 
indicated in the above list. 
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To determine the expansions at x= we first substitute «=1/2’ in 
equation (68-1) obtaining 


(68-2) roc ali eB le le id OF 
The first expansion of the list for x= is found by substituting 
yey ae! Eo 0 


in this equation and determining the coefficients by comparison. To 
determine the other expansions we use the equation 


3/3 yy”? ate al 2y/s = (0 


found from (68-2) by substituting y=1/y’. The Newton polygon for 
(x’, y’) =(0, 0) gives the substitution x’ =/?, y’ =u and the equation 


1+ w+ #3 = 0, 
from which we find 


Be oP me 
1/Pa = IP) ase) 2 + te  ), 


4 
At the place (x, y) =(£, —3/2&) Taylor’s formula gives 


ee ee a Sy) ely — E) ee ty 9) 
Too) li ae 


The corresponding Newton Polygon is easily constructed and gives 
the substitution «=&+?, y=n-+tu. The equation for ¢, u is 


— 7/2 + 3ént? + 3&tu + 3nu?+--- =0 


from which we find easily the first expansion for « =€ in the list above. 
A similar process gives the last expansion of the list. 

One can now determine readily the genus of the algebraic function 
defined by equation (68-1) from the formula (21-8) or (31-1), 


p= (1/2) — 1) —n +1. 


For the particular curve (68-1) the genus has the value p = 3, since there 
is one cycle of r=3 sheets at x =0, one of two sheets at x=, and one 
of two sheets at each of the seven roots ~ of the equation 4&7+ 27 =0. 

The following examples have been collected from various sources 
which are indicated in the references given in the brackets adjoining 
each of them. The numbers refer to the list of references at the end of 
the book. 
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EXAMPLES FOR EXPANSIONS 


1. y3 — 3y + 2x [18, 1st ed. p. 193, 2nd ed. p. 180] 
2. y+ 3y— x [35, 1st ed. p. 313, 5th ed. p. 403 | 
3. y3 — 3y? — x [35, 2nd ed. p. 377, 5th ed. p. 396] 
CN i [35, 1st ed. p. 331, 5th ed. p. 401 | 
5. yi + 2(1 — 2x)y? + 1 
6. y3 — 3y? + x8 [18, 1st ed. p. 193, 2nd ed. p. 181; 34, p. 422] 
7. y3 — 3y + 242(2 — x?) [34, p. 422] 
8. y3 — 3y + 2x3(2 — x3) [34, p. 422] 
9. 3x(a — 1)y* — 4(~ — 1)(% — 2)y3 + (4/27)(« — 2)! 
, [34, p. 418] 
10. y> + (x? — 1)y* — (44/55) x?(a? — 1) 
(34, p. 422] 
11. y} — 3axy + x3 [34, p. 422] 
12. y3— xy — x [42, pp. 31, 41] 
Loa — oe ee [42, p. 141] 
14. y? — 3xy + 2x? [42, p. 134] 


15.197 — 37 4-.x° 


69. Examples for Riemann surfaces. Let us consider the equation 
(69-1) yt —Ay—x=0. 


It is evidently of genus p=0 since the equation is linear in x and there- 
fore defines a unicursal curve. The discriminant is found to be 


D(x) = — 4°(x3 + 27), 


The roots of D(«) have the values —3w* (k=1, 2, 3), where w is the 
primitive cube root of unity in the second quadrant of the x-plane. One 
finds readily that the roots y of equation (69-1) corresponding to 
x = —3w* have the values w*, w*, w*(—1+721/2), 

The Riemann surface for the function y(«#) defined by equation 
(69-1) has four sheets which may be cut along the radii through the 
origin and the points —3w*, as shown in Figure 69-1. If we designate 
the sheets by the values of the roots of equation (69:1) at the point 
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SS 
—3w? 
—3W 
os 
Fic. 69-1 


«=O, we find the following table for the roots belonging to the various 


sheets at the singular points x = —3w': 
< 1 Ve V3 4 
0 0 22/3 2213, 9218,)2 
— 3 1 1 —1+4+ 7121/2 2 (Ue 
— 3w w w(— 1 — 7121/2) w w(— 1+ 7121/2) 
— 3w2 ww? = =w?(— 1 + 7121/7) w?(— 1 — 7221/2) w? 


The values into which the roots y; at x=0 vary continuously as x 
traverses a radius from the origin can be found by substituting x= 
—3w*, y=nw* in equation (69-1), which then becomes 


Ay = Ae tere k=. Oi, 


As € increases from 0 to 1 the two real roots 7 of this equation vary from 
the values 0, 27/8 to the value 1, as shown in Figure 69-2, and the two 
imaginary roots remain imaginary and keep the same signs for their 
imaginary parts. Hence as x varies from « =0 to « = —3w* along a radius 
the roots y=0, 2?/3w* vary continuously into w*. For each other root 
the values of n=y/w* at x=0 and «=—3w*, and in the same sheet, 
must have imaginary parts with the same sign. Thus we see that the 
numbering of the roots in the table is the correct one. 
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The character of the expansions at the branch places can readily be 
determined by the methods of the last section. Each of the double roots 
y in the table corresponds to the vertex of a cycle of two sheets, and at 


OE eee 


(0, 0) 


Fic. 69-2 


x= there is a single cycle of four sheets. Thus the sheets of the Rie- 
mann surface should be joined along the edges of the cuts as indicated 
in Figure 69-1. 

One of the difficulties in constructing a Riemann surface is the iden- 
tification of the values of y belonging to the various sheets near the 
branch values of x, when values of vy have been assigned to the sheets at 
a particular non-singular value of x. Theoretically one should be able 
to find corresponding values by analytic continuation, but this process 
is often very difficult. The following examples can be discussed by the 
method used above or suitable modifications of it. When the genus p 
is greater than zero it is interesting to try to find a system of cuts which 
will make the surface simply connected, as described in Section 32. 


EXAMPLES FOR RIEMANN SURFACES 
1. Examples 1-8, 11-15 of the list at the end of Section 68. 
2. y® — (x — a)*(x — b)8 [35, 1st ed. p. 319, 5th ed. p. 388] 
3. y — [(x — a)/(x — c)?]¥/8 — (x — 8)? 
[35, 1st ed. p. 318, 5th ed. p. 388] 
4, y— 28 — (4 — 1)1? [42, p. 37] 
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5. ys — x6 + 1 [42, p. 132] 

6. : — c)y3 — (x — 0) [35, 1st ed. p. 318, 5th ed. p. 388] 

7. yt — A(x — a)(x — B)*(x — y) [18, 1st ed. p. 236, 2nd ed. p. 229] 

8. y4 eae x — y)® [18, 1st ed. p. 237, 2nd ed. p. 229] 

9. y3 — A(x — a)(x — B)(x — x) (x — 4) 

[18, 1st ed. p. 237, 2nd ed. p. 231] 
10. y3.— Soe [35, 1st ed. p. 318, 5th ed. p. 388] 
(x — b))4--- (x — b,)* 

11. y" — R(x), R(x) rational [18, 1st ed. p. 238 ff., 2nd ed. p. 231 ff. | 


70. Elliptic and hyperelliptic curves. One of the very important 
classes of algebraic functions is the class defined by equations of the 
form 


(70-1) _ gy? = A(x — a)--- (4% — Gn) 


in which ai, - - - , @m are distinct complex numbers. When m=3 or 4 
these are elliptic curves of genus p=1. For m>4 they are hyperelliptic 
and the values of the genus p are greater than 1. 

Let us consider the case when m is even and can therefore be repre- 
sented in the form m=2k+2. One can readily construct the discrimi- 
nant 


D(x) = 4A(x = a) ca (x = Qm) 
of equation (70-1) and verify the fact that at each of the values «=a; 


there is a cycle of two sheets. At x= © there is no branch place when m 
is even. Hence we find 


p=m/2-2+1=k (m = 2k + 2). 


The two-sheeted Riemann surface can readily be constructed by 
cutting each of the sheets along a broken line passing through all of the 
points x =a; and out to x= ~, as shown in Figure 70-1. If we assign the 


Fig. 70:1 
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values of y arbitrarily on the two sheets at a particular non-singular 
point xo, then by writing 


x — ay = rperrh 


and following the variations of the arguments ¢; we find from the ex- 
pression 


y = (Ary ae Tm) tl 2et (irr: > thm) [2 


that a value yo at x=» goes continuously into the same value along 
paths leading from «=p to opposite sides of one of the dotted lines in 
the figure, and to values with opposite signs on paths leading to opposite 
sides of the non-dotted lines. Thus we see that the sheets of the Riemann 
surface should be joined along the heavy and dotted lines, as indicated 
by the diagrams adjoining the first two of them in the figure. 

For the hyperelliptic case here under consideration a canonical sys- 
tem of cuts reducing the Riemann surface to a simply connected one is 
shown in Figure 70:2. One verifies readily that none of the cuts severs 
the surface, and hence that after 2 of them have been drawn the re- 
maining surface T’ is simply connected.! The figure is for the case m=8 
when the genus is p=3. 


Fic. 70-2 


It is often difficult in special cases to construct elementary integrals 
of the three kinds described in Sections 20 and 36, but for hyperelliptic 
curves the constructions can readily be made. We can see by inspection 
of the determinant A of Section 20, for the pair of functions 1, y, that 
these functions are a basis for the divisor Q=1. Hence by Theorem 
22.2 the complementary basis is a basis for the divisor R=1/X, where 
X is the divisor of the branch places. But the basis 1, ¢» complementary 
to a basis m, 72 is related to these functions by equations of the form 


m1 = 11151 + Nie £9, No = far 6i + foo bo 
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in which the coefficients have the values 7; = 7(n:nx), since by definition 
of a complementary basis the trace 7(n:£;) is zero for 7k and unity for 
7=k. From this relationship, set up for the basis (m, nz) =(1, y), we find 
readily that the complementary basis, except for a constant factor, is 
(&, $2) =(1, 1/y). If we wish to find the integrands of functions of the 
first kind we must examine the expansions for 1/yat x=. We find 


L/yy= AM2g-1f1 4... 
1/y. = — AM2y—k-1f J oy cog i 


Hence the column orders of 1, 1/y at x= are r,=0, r»-=k+1. The 
integrands of integrals of the first kind are multiples of the divisor D?/X 
and therefore must have orders =2 at x= ©. Hence they are products of 
i/y by polynomials in x of degree at most k —1, as indicated in the proof 
of Theorem 22-3. We have therefore the following result: 

THEOREM 70-1. For an algebraic function of hyperelliptic type defined 
by an equation (70-1) with m=2k+2 the genus is p=k and the functions 


1/y, x/y, eer Loy 
are the integrands of p linearly independent integrals of the first kind. 
The integrands of elementary integrals of the third kind are mul- 

tiples of divisors of the form D?/P,;P,X. Such an elementary integral 
can easily be constructed for two non-singular non-conjugate finite 
places P; = (a1, y1) and P:=(x2, ye) by modifying the basis 1, 1/y of the 
divisor 1/X, as indicated in the proof of Theorem 20-2, so that it 
becomes a basis for 1/P,P2X. The only two places where modification 
is necessary are P; and P2. At the point «=x, the determinant A of the 
basis 1, 1/y with respect to the divisor 1/P:P2X is 

0 0 

1 = 1/y1 


where the first row belongs to the place P; and the second row to the 
place conjugate to P; over x=. If we set c.=1/2, c2=y:/2 the two 
functions 

(70-2) 1/y, (¢y + ce/y)/(x — a1) = (y + 91)/2(@ — ai)y 


will have their determinant A with respect to the divisor 1/P\P2X dif- 
ferent from zero at «=, as one readily verifies. Similarly at the point 
4 =, the functions (70-2) have the determinant 


0 (0) 
— 1/42 (v2 — y1)/2(x2 — 21) yo 
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If we set 
Gi = (v1 <7 yo) /2,; 2) = X1 — Xo 


we find a pair of functions 


1 C1 ytu Lei, a 
C70" 3), 145 ( +c \- ( = ) 
x — Xe 


5 = 
y a= #3)97f “ [29\e — a Be 


whose determinant A with respect to the divisor 1/P,P2X is different 
from zero at «=2 also, and which is therefore a basis for the divisor 
1/P:P2X. The basis (70-3) is normal at «= % with column orders 
n=pt+l, r=2, as can be verified by substituting the expansions for y 
at x=. The multiples of the divisor D?/P,P2X are therefore sums of 
products of the two functions of this basis by polynomials of degrees 
at most r,—2 =p—1 and r,—2 =0, respectively, and we have the follow- 
ing theorem: 

THEOREM 70:2. For an algebraic function of hyperelliptic type defined 
by an equation (70-1) with m=2k+2, and for two non-singular places 
P,=(a1, 1), Po= (x2, ve), the integral 


(70:4) I= f arrlo + y1)/(% — a1) — (vy + ye) /(x — a2) Jdx 


is an elementary integral of the third kind with logarithmic singularities at 
P, and P». Its expansions at these places have the forms 


log (w — 11) feo fouls — ay) +---, 
— log (w — x2) + do + di(~w — x2) +---, 


(70: 5) 


respectively. 
The character of the expansions, and the fact that the theorem 
holds even when P; and P2: are conjugate places, can be readily verified. 
From the last theorem one may readily deduce the following one: 
THEOREM 70-3. For an algebraic function defined by an equation 
(70-1) with m=2k+2, and for a non-singular finite place Py = (a, y1), the 
integral 


(4, 93 Pi) = — ij (+1 /dxyt})[(y + y1)/2y(% — ay) ]dx 


7s an elementary integral of the second kind with an expansion at its single 


pole P, of the form 
ae y! P}) = y!/(x — Xy) "41 oh Co + cx i X;) + Saha 
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The form of the integral of the theorem for y =0 is suggested by the 
fact that when the first of the expansions (70-5) is differentiated with 
respect to 4, a new expansion is found with the form given in Theorem 
70-3, where we understand that the notation 0! is to be interpreted as 1. 
The properties of the integral of the theorem can also be proved directly 
for the case y =0 by examining its expansions. By successive differentia- 
tions with respect to 2; the theorem is established for all values v. 

THEOREM 70-4. Jf a set of non-singular finite places Pi(xi, Yi) 
(¢=1,---, p) have distinct values x; the 2p integrals 


il (xt /y)dx, — So(a, y; Pa) (i= 1,---, 9) 


form a fundamental system of integrals of the first and second kinds. 

This follows from Theorem 38-1 since the determinant | 0 ;*-1/y,| of 
the integrands of the integrals of the first kind at the places P; is dif- 
ferent from zero. 

For the elliptic case when 


(70-6) y? = (1 — x?)(1 — k?x?) = R(x) 


the two fundamental integrals of the first and second kinds are usually 
taken in the forms 


(70-7) f ax/y, fila — k?x?)/y|dx. 


We can prove that they form a fundamental system according to the 

‘definition of Section 36. If they were not a fundamental system there 
would be a pair of constants c, d not both zero, and a rational function 
n(x, y), such that 


(70-8) cf dx/yta f [C1 = #2%)/y]de = ala, 9), 


according to Theorem 36:2. The limits of the integrals are understood 
to be (ao, yo) and a variable place (x, y). The integrals in equation (70-8) 
have no poles on the finite part of the Riemann surface, and hence 
n(x, y) would have none and would be expressible in the form 


n(x, y) = A(x) + B(x)y 


with polynomial coefficients A, B, since the functions 1, y are a basis for 
the divisor 0 =1. By differentiating equation (70-8) we find 
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[¢ + d(1 — 2x?) ]/y = A’ + B’y + BR'/2y 
= A’-+ (B/R + BR’/2)/y, 


from which it follows that A’=0, and by comparing the degrees of the 
two sides of the equation that B’=0, B=0. Consequently c=d=0, 
contrary to the assumption made above. Hence we have the following 
theorem: 

THEOREM 70-5. For the algebraic function defined by the elliptic equa- 
tion (70-6) the integrals (70-7) are a fundamental system of integrals of 
the first and second kinds. According to Theorem 36-5 every elliptic integral 
on the Riemann surface of the equation (70-6) is expressible as a sum of 
integrals (70-4) of the third kind with constant coefficients, plus a sum of the 
two integrals (70-7) with constant coefficients, plus a rational function 
n(x, ¥). 

The following examples are not all of hyperelliptic type but their 
expansions and Riemann surfaces can be found by the methods used in 
this section. It would be interesting to see if elementary integrals can 
be constructed for them in the manner described above for the hyper- 
elliptic case. 


EXAMPLES OF ELLIPTIC OR HYPERELLIPTIC TYPE 


1. Discuss the algebraic function defined by the equation (70-1) 
and its integrals when m=2k+1. 

2. Construct the elementary integrals of the 2nd and 3rd kinds for 
singularities at «= or branch places when m=2k+2 or m=2k+1. 

3. y2=[R(x) |2(ar—a1) - - + (#— am). 


71. Normal forms for equations of the third degree in y. An irre- 
ducible equation 


ao(x)u + ay(x)u? + ag(x)u + a3(x) = 0 


of the third degree in u, with polynomial coefficients, can always be re- 
duced by the transformation v=a9u-+a,/3 to an irreducible equation 
of the form 


v® + be(x)v + b3(x) = 0 


in which 62 and 6; are also polynomials in x. If d(x) is the polynomial 
of highest degree such that d? and dare factors in 62 and 6s, respectively, 
then the transformation v=d(x)y takes the last equation into an irre- 
ducible equation 


tet) f(x, y) = 9 + fala)y + fax) = 0 
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in which f2 and fs are polynomials having no common factor which oc- 
curs twice in fy and three times in f;. In this and the succeeding sections 
of this chapter we shall consider cubic equations (71-1) whose coeffi- 
cients have the property just described. 

An algebraic function which has no poles for finite values of x will 
be called an integral algebraic function. The characteristic property of 
such a function y(x) is that it satisfies an algebraic equation with poly- 
nomial coefficients and with the coefficient of the highest power of y a 
constant different from zero. The algebraic function y(x) defined by 
equation (71-1) is evidently integral, and it has the further property 
that no quotient of the form z=y/(x—c) is integral, on account of the 
restriction made above on the coefficients fy and fy. 

Every rational function (x, y) on the Riemann surface of the equa- 
tion (71-1) is expressible in the form 
(71-2) n=n+trey + 73y? 
with coefficients nr, r2, 73 rational in x, as we have seen in Section 19. 
Such a function 7 satisfies an equation of the third degree with coeffi- 
cients polynomials in « which can be determined as follows. With the 
help of equation (71-1) we see that 

ay = — fers t+ (11 — fors)y + ray’, 
ay — farg — (fore + fare) y t- (ri. — fatale? 


From these equations and (71-2) it follows that 


1 ef] ie) 13 
ye Sr 1. {org 9 Lo = (0. 
| — fare = foto — fats fi = ots — 
When written in the form 
(71-3) n® — Byn*? + Bon — Bs = 0 


this equation has the coefficients 
By, = 3r; — 2fors, 
Bo = 3re — 4Aferirs + fore? + 3fsrers + fer, 
Bz = rh — 2fer rs + forsr? + 3fsrirers + fenre 
— ford — fofsrore + firs. 
If we denote by A(m, 7, 73) the square of the determinant of con- 


jugates of three functions m1, 72, 73, the discriminant of equation (71-1) 
except for an unessential constant factor is 


(71-4) 
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GUS) ARP 27> = Gi Rae 
isk 
as we see with the help of equation (8-5). It will be convenient in later 
sections to have the following formulas for B, and B; in terms of Bi, A, 
and the quantity 2f.72+3f3rs. They can be verified by elementary com- 
putations. 
By 


Be /3 + (2fore + 3fsrs)?/4fe + Ars /12f2, 
BS /27 + By[3(2fere + 3fsr3)? + Ar? |/36fe 
= f3(2fere as 3 fsr3)°/8 fo 

— A(2fore + 3fars)rors/12f2 + A*re /216f2 . 


72. A basis for the divisor @=1. The multiples of the divisor Q=1 
on the Riemann surface of the equation (71-1) are called integral ra- 
tional functions n(x, y) since they have no poles at finite values x. A 
basis for the divisor Q = 1, according to the definition in Section 20, is a 
basis of rational functions m, 72, 7; such that the totality of integral 
rational functions is identical with the totality of functions expressible 
in the form ; 


(72-1) n = g1(x)m + g2(x)n2 + gs(x)n3 
with polynomial coefficients. We can readily prove the following the- 
orem: 

THEOREM 72-1. A basis m1, 2, 3 of rational functions is a basis for the 


divisor Q=1 tf each function n; ts integral, and if there exists no function 
of the form 


B; 


(71-6) 


(cm + Cone + c3n3)/(x — £9) 
which is integral except the one for which the constants c; are all zero. 

For a set of functions 1, 2, 3 satisfying the conditions of the the- 
orem every function of the form (72-1) is evidently integral. Further- 
more every integral function 7 is expressible in the form 

gi(x)ny aig go(x)n2 + £3(v)n3 
d(x) 


where gi, g2, gs; and d are polynomials having no common factor. To 
prove that m, 72, 3 is a basis for the divisor Q=1 we must show that 
d(x) is a constant. This is easy to do since the argument following The- 
orem 20-1 shows that if d(x) had a factor x—x» the quotient 


gi(xo)m al g2(Xo)n2 ss £3(Xo)n3 


x — Xo 
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would also be an integral function, and this is impossible under the 
conditions of the theorem. 

If the coefficients fs, fs in equation (71-1) have a common factor it 
must be on the form AB’, where A and B are polynomials in x prime to 
each other with distinct linear factors, since fe and f; have no common 
factor which occurs to the second power in /: and the third power in fs. 
Using the notation of Baur, who has studied cubic equations compre- 
hensively [14, 19], we may write 


|e == AB?*he, fs == AB*hs, 


where /3 is prime to /2 and also to B, since fs contains no factor to the 
third power whose square occurs in fo. Furthermore if A; is the greatest 
common divisor of A and /;3, so that A = A;Ao, h3 = Aity, we have 


(72-2) fe =i 14 2B* hp, fs = APAoB*hy, 


where now /2 is prime to Ai, hy is prime to ArBhz, and Ai, Ao, B are 
polynomials prime to each other and having distinct linear factors. Ex- 
pressed in terms of these polynomials the discriminant (71-5) has the 
value 


(72-3) ACL y, y?) a APA? BA, 
where 
(72-4) Ay = 4A,B*h + 27A hz, 


and A, 1s readily seen to be prime to Ay, Ao, B, he, hs. Thus the factors in 
the expression (72-3) for A are all prime to each other. It will be useful 
in succeeding sections to have A, written in the form A,=C?A; where 
A; contains only linear factors. Then 


A(1, y, y2) = — APA? BIC; 


where all the factors are prime to each other except possibly A; and C 
which might have linear factors in common. 

To construct a basis for the divisor 0 =1 we may start from the basis 
1, y, y?. All three of these functions are integral and the quotient of 1 or 
y by a factor «—4 is never integral. The equation (71-3) satisfied by y? 
is readily found to be 


ee cio) aay he 0. 


With the help of the expressions (72-2) it is seen that the function 
z=y?/A;B satisfies the equation 
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8 “LE 2A 0B hoz? + A 3B? hy72 —A AoBh? — 0, 


and no quotient “=2z/(*—42p) is integral, as one finds by setting up the 
equation for # and examining its coefficients in view of the properties 
of the polynomials A, B, 4. The basis 


w, = 1, we = YV, w3 = y?/AiB 


has therefore the property that each of its functions is integral and no 
quotient of the form w;/(#—2o) is integral. Furthermore 


(72-5) A(1, y, y2/41B) = (1/A2 B)A(L, y, y2) = — 4142 BC2As. 


The functions w; may not have the last property described in The- 
orem 72-1, but it can be shown that a function of the form 


C1 + coy + c3y?/AiB 


L = Kg 


(72-6) = 


can be integral only if x—w is a factor of the polynomial C. If a func- 
tion w with coefficient c,~#0, for example, is integral, then w, y, y?/A,B 
are also integral functions and 


C2 
A(w, y, y?/41B) = ———— A(1, y, y?/A1B). 
Ge = Xo)? 


The functions A in this equation are polynomials in x since they are 
rational and have no poles except at x= ©. From this it follows that if 
a quotient w of the form above given is integral its denominator must 
occur twice in A(1, y, y?/AiB). The expression (72-5) shows therefore 
that the only denominators «—.» possible for integral functions w are 
factors in Ae, B, or C. 
In order to investigate further the character of these denominators 
let us consider a function 
1 = 01 + doy + v3y?/A,B. 
The coefficients of the equation (71-3) for 7 take the form 
By = 301 = 2A oBhovs 
By — 302 = 4A .Bhyv103 +- A 14 5B? hor? 4. 3A 1A eBhgvov3 
+ Ag Beh? vs" ) 
Bz; = v8 — 2AgBhyv? v3 + AAoB*hgvyve2 + 34,A oBhavyvevrg 
+ AP Bh?ov ve — APAgB*hywe — A\A? B2hghavev? 
+ A iA Pe Bh? V3° 


Co) 
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when the expressions 
Fic Ub; To, 09; Coa v3/A ib 


for the coefficients in equations (71-2), and the values (72-2), are 
substituted in the formulas (71-4). 

The formulas (72-7) hold for all coefficients v; which are rational in x, 
but we are for the moment interested in the case when they are constants 
c;. Let x—az be a factor of the polynomial A». Then if »/(#—az) were an 
integral function, the coefficient B; would necessarily be divisible by 
(a—az)'. If B, were divisible by x—az we should have 7;=c,=0. Then 
Bs divisible by («—a2)? would imply v2=c2=0, and B; divisible by 
(a—a2)*? would imply 173=c;=0. A similar argument is effective for a 
factor (x—b) of B. Hence the only non-vanishing quotients y/(«—4») 
with constant coefficients v; which are integral have factors «—x» be- 
longing to the factor C in equation (72-5). 

It is now possible to show that the quotient /C is integral pro- 
vided that the coefficients 71, v2, v3 are properly chosen polynomials in x. 
Since A has the factor C? and fe is prime to A, and therefore to C, it 
follows from the first formula (72-7) and the formulas (71-6) that B; 
will be divisible by C*, and 7/C will therefore be an integral function, 
when 2;=1 and 

01 = 2A2Bho/3 = 2f2/3A1B, 2fov2 + 3f3/A1B = 0 (modulo C). 
When we substitute the values of fo and f; the latter congruence is 
equivalent to 

2Bhode + 3h, = 0 (modulo C). 
If 2. =/(x) is the polynomial of lowest degree which satisfies this con- 
dition we see that the coefficients 11=2f./3A1B, v.=/, v3=1 define a 
quotient \=7/C which is an integral function. The value of d is 


(72-8) d= (1/C)(2f2/341B + ly + y?/A,B). 


We can now prove the following theorem: 

THEOREM 72-2. The three functions 1, y, are a basis for the divisor 
O=1 and the equation (71-1) when > is defined by the equation (72-8) and 
the coefficient I(x) is the polynomial of lowest degree which satisfies the 
congruence 

2Bhol + 3h, = 0 (modulo C). 

We have seen that 1, y, are all integral functions. The theorem can 
therefore be proved with the help of Theorem 72-1 by showing that no 
- quotient 


200 ALGEBRAIC FUNCTIONS [ §73 ] 


n = (Ri + kay + ksd)/(4% — Xo) 


with constant coefficients is an integral function except the one for 
which the coefficients 2; are all zero. If 7 is an integral function the de- 
nominator x—2» is necessarily a squared factor in the polynomial 
A(1, y, \). With the help of equation (72-5) this function A is seen to 
have the value 
(72:9) A(1, v, ) = (1/CD ACA, y, y?2/A1B) = — AAP Bs. 
Hence x —4p is a factor in A, or B. But in that case 

Cn 2fe kyC a (RoC +- k3l)y a k3y?/A 1B 


Ay Se Z 
x — 2X9 3(” — %)A1B x — Xp 


is also integral, as we see from the formulas (72-2). The coefficients 
kiC, RoC +&sl, ks are all divisible by x—<o, since otherwise, by the argu- 
ment following Theorem 72-1, there would be an integral function of the 
form (72-6) with denominator a factor of A, or B and coefficients c; not 
all zero, which is impossible. Since C does not contain the factor *«—2» 
the coefficients kiC, k2xC+k3l, k; can be divisible by «—xo only when 
ki =k,=k;=0. Thus the functions 1, y, \ have the properties described 
in Theorem 72-1 and are a basis for the divisor 0 =1. 


73. The complementary basis. In calculating complementary bases 
two principles are useful. According to the definition in Section 22 a 
basis 1, 2, §; is complementary to a basis m1, 2, 3 if the relations 
T(nivx) =5ix hold, where 6;,=1 if i=, and 6;,=0 if ik. If we express 
the functions 7; in terms of the functions ¢; in the form 


(73+ 1) mi = Gili + dite + ails (7 = 1, 2, 3) 


the coefficients have the values aj,=T7(ninx), as is readily verified. 
If Ha, He, Hs is a basis related to m1, m2, ns by the equations 
Hy = dy + dione + bisns (i = 1, 2, 3) 


bf 


and if (B;,) is the matrix reciprocal to (0,,), then the basis Zi, Ze, Zs 
defined by the equations 


(73-2) Ze = Birhi + Banke + Barks (k = 1, 2, 3) 


is the complementary basis to Hi, Hy, H;. For using the summation 
notation of tensor analysis, we see that 


T(H;Zx) = bitBmkeT (nik m) — bnBru = OiK- 
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With these two principles in mind we may compute successively the 
basis (1, f2, f; complementary to (m1, 72, 73)=(1, vy, y?), and the basis 
Zi, Z2, Z3 complementary to (Hi, He, H3) =(1, y, A). With the help of the 
relations 

TOY =-3. (UG) Op 

T(¥?) — (24)? — 22UViVi = = 2 fe, 
KY) = T= Foy = fe) = = 3/5; 

TA Tae yeas) a2 fas 


we find the matrix of coefficients of the equations (73-1) to be 


3 0 =f, 
(ai) = ( 0 oie = a) 
io ee arm aft 
When the equations (73-1) are solved for 1, f, £3; and the results 


multiplied by f,=3y?+/f2 it is found that the basis complementary to 
1, y, vy? is expressible in the form 


1 = (9 + fa) /fu; fo = y/fu, a 1/ fr 


The matrix (b;,) by means of which the basis 1, y, \ is expressed in terms 
of 1, y, y?, and its reciprocal (B;x), are 


1 0 0 1 0 0 
( 0 1 0 )( 0 1 0 ) 
eee A/C) 1/4, BC) \—2fs/3 = AyBL——ABC 


By simple calculations we justify the following theorem: 
THEOREM 73-1. The basis complementary to the basis (Hi, He, Hs) 
=(1, y, A) of the divisor O=1 ts 


(73-4) Z, = 1/3, Zo = (y — A,Bl)/fy, Z3 = AyBC / fy 


The functions Z1, Zo, Zs are a basis for the divisor R=1/X, where X, is the 
divisor of the branch places corresponding to finite values of x. 

The last statement of the theorem is a consequence of Theorem 22-2 
which was proved under the assumption that there was no branch place 
at «=. If there are branch places at x= © the theorem is still true if 
we replace X by Xi, and the proof is unchanged. 

If there is no branch place for the function y(*) at a= © then X = Xi, 
and the basis Z:, Zs, Zs is a basis for the divisor 1/X. It can be trans- 
formed into a basis normal at x = ~ by the process described in the proof 
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of Theorem 21-2. In order to apply the result so attained it is impor- 
tant to know that the equation (71-1) can always be replaced by an 
equation with similar properties and having no branch place at x= ~, 
as indicated in the following theorem. 

THEOREM 73-2. If x=c is a point at which the discriminant of the 
equation (71-1) and the coefficients fo, fs are different from zero, and if r 
is the smallest integer for which y/x" remains finite at «= ~%, then the func- 
lions 


(73-9) f= 1/(@ —), 4 = y/(e = c)* 
satisfy an equation 
(73:6) n> + o(&)n + o3(€) = 0 


with the properties prescribed for equation (71-1). Furthermore $2 is of 
degree 2r, bs is of degree 3r,r is the smallest integer for which n/& remains 
finite at E= 0, there is no branch place at E=~, and the expansions for n 
at E=2 have the form 


Os ae (¢ = Asoo 


where the constants y; are the three distinct roots of equation (71-1) forx=c. 

By setting «=1/x’, y=2z/x’" in equation (71-1) we see that the 
integer 7 is the smallest integer for which z remains finite at x’=0, and 
that this integer is the smallest for which 2r—m. and 3r—mz; are both 
positive, where m, and m; are the degrees of fo(x) and f(x), respectively. 
The solutions of equations (73-5) for x and y are 


(73-7) «=c+1/é, y= ae 


By substituting these solutions in equation (71-1) we find the equation 
(73-6) with 


do(f) = &fe(c + 1/€), b3(—) = &f3(c + 1/8), 


and the properties stated in the theorem can be readily verified. 

THEOREM 73:3. If the equation (71-1) has no branch place at x= 
and has the properties at x= described for equation (73-6) in the last 
theorem, and if the column orders r,=0, —1re, —r3 of the basis 1, y, 
at x= satisfy the relation r.Srz3, then this basis is normal at x=. 
According to Theorem 22:1 the complementary basis Zi, Zo, Zs is also 
normal and has the column orders r,=0, ro, r3 aX =. 

We know that the column orders of y and \ at x= are negative, 
since these functions are not constants and have no poles at finite 
values of x. The column order at «= © of the second term in 
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h = 2f2/3A1BC + ly/C + y2/A,BC 


is greater than —r since / is of lower degree than C. The terms of degree 
—rs in the expansions for \ at x= therefore come from the first and 
third terms. The expansions for y at x= © have by hypothesis the form 


vi x7(C; — d;/x +..-.- ) (i = 1) or 3) 
with distinct constants c;. If we denote by a, 8, y the degrees of Aj, 


B, C, respectively, then since f, has by hypothesis the degree 27 = 2rz we 
see that the expansions for \ at «= © have the form 


A= 29a + bc? + e/a + -+-), 


where r3 = 2r2 —a; —8 —y and the constant 0 is different from zero. Hence 
the determinant of leading coefficients of 1, y, Xat x= is 


1 Cy a + bc? 
1 C2 a + bce a 0, 
1 C3 ih se bc;? 


and we see that the basis 1, y, \ is normal at x=. 
THEOREM 73-4. The transformation 


(73-8) f= x, n = (4, y) 
is birational and takes the equation (71-1) into an equation 


n° i po(E)n + $3(£) = 0 


with similar properties. By a succession of transformations of the forms 
(73-5) and (73-8) equation (71-1) can be replaced by an equation of the 
same form with the properties described in Theorem 73-3. For the equation 
so attained the basis 1, y, \ and its complementary basis Z,, Zo, Z; are there- 
fore normal atx=~. 

To prove the first statement of the theorem we may first note that 
the equation (71-3) satisfied by the function 7=X(q, y) is irreducible. 
Otherwise, according to Theorem 49-1 and its Corollary 1, the first 
member of equation (71-3) would be the third power of a factor linear 
in 7, and from the formula (72-8) we see that y would satisfy an equa- 
tion of the second degree, which is impossible since equation (71-1) is 
by hypothesis irreducible. From the corollary cited above it follows 
then that the transformation (73-8) is birational. There is no term in 
n? in the equation (71-3) for 7=A(x, y) since with the help of the for- 
mulas (73-3) it follows that B,=7(d) =0. The coefficients B, and B; 
must be polynomials with no common factor occurring twice in B, and 
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three times in B;, since is an integral function and no quotient 
\/(“—«») has this property. Hence the equation (71-3) for n=) (x, y) 
has the properties prescribed for the equation (71-1). 

If we first make a suitable transformation 


a = 1/(x — ¢), Va = Ve ae 


equation (71-1) goes into an equation of the same form with no branch 
place at «=~, as indicated in Theorem 73-2. If we denote the column 
orders at 41=© of the basis 1, yi, Ai for the new equation by ru =0, 
—?r», —riz the transformations 


—E= 4%, 7 = (%1, V1); 


wt, = 1/(E — ¢), ys =) (ee) 


are again birational and provide a new equation with a basis 1, yo, Ae. 
Continuing the process we find a sequence of equations with bases 1, 
yr, Xx having column orders at x,=% which may be denoted by ri =0, 
—rx2, —1x3, and such that ri2=7x-1,3. The function A(1, yx, Ax) is a poly- 
nomial in «, equal to the norm of the divisor of branch places, by 
Theorem 21-4. It is of the same degree in x, for every k, since the 
transformations which have been applied are bilinear in the variables 
x, € and do not change the orders of the branch places. The order of 
A(1, vz, x) at x,= 0 is, however, at least —2(rie+ris), and since 
Vi2=7x-1,3 the difference between this expression and the similar one 
for k—1 is at least 4 if the relations 741.2 >7rx-1,3, Yi2 > x3 are Satisfied. 
Hence we see that for some finite value of & we must have ri. <rj3, and 
the corresponding basis 1, yx, Ax will be normal at x=, by Theorem 
T3853. 


74. A theorem of Baur. The theorems in the preceding sections 
were developed with the aid of transformations which led to equations 
of the form (71-1) having no branch places at «=. Baur has proved 
an interesting theorem which is applicable in other cases also. 

A simple procedure in order to investigate the behavior of the alge- 
braic function y(x) at x=% is to make the substitution x=1/x’, y 
=y'/«'" in equation (71-1), where r is the smallest integer such that 
y/x" remains finite at «= %. The resulting equation has the form 


(74-1) y’3 + go(x’)y! + ga(x’) = 0, 
in which 


go(a’) = x! fo(1/x"), gaa") = a!8fa(1/2'). 
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It is evident that 7 is the smallest integer such that 27 —m, and 3r—mzy 
are positive, mm». and ms being the degrees of the polynomials f, and fs, 
respectively. The notations Aj, Ay’, B’, C’, Aj will be used to designate 
the polynomials for the equation (74:1) analogous to the similar un- 
primed polynomials for equation (71-1). On account of the possibility 
of factors which are powers of x’ alone in the coefficients go and g3 we see 
readily that Aj = A.x’@’, where a’ is a positive integer which is at least 
equal to the degree a of A; and may be greater. Similar relations and 
notations hold for the other polynomials listed above. Baur’s theorem 
is then as follows: 

THEOREM 74-1. Let r,=0, ro, 3 be the smallest integers for which the 
quotients H;/x" belonging to the basis (Hi, He, Hs) =(1, y, d) for equation 
(71-1) remain finite at x= ©, and let Zi, Z2, Z3 be the basis complementary 
to Hi, He, Hs. Lf re<r3, and if the factor C’ of the discriminant of the equa- 
tion (74-1) arising from (71-1) is not divisible by x’, then the functions 


(74-2) xiZ; (p; 2 0; p; = 0, | Ess 2 ete Aa eh 3) 


are a Set of p linearly independent integrands of integrals of the first kind 
for the equation (71-1.) 

To prove this we use the property, from Section 24, that every 
integrand n(x, y) of an integral of the first kind is a multiple of the di- 
visor D?/X, and hence also of the divisor 1/X, for which Zi, Zo, Z3 are a 
basis. Such a function n(x, y) is expressible in the form 


qe gi(x)Z1 + g2(")Ze st £3(x)Zs 


with polynomial coefficients whose values are gi=7(nH;), on account 
of the relations 7(H;Z;) =6;,. The divisors of 7 and x have the forms 
QO, =I1D?/X, 0.=N/D, where J is a divisor with no negative exponents. 
Hence O,,=/DN/X, and it is evident that the product nx vanishes at 
each place P over x= ~~ since D contains a higher power of P than X. 
Consequently g;/x’i1=7(nx-H;/x") vanishes at x=, since H;/x" is 
finite, and it follows that the degree of g; is at most equal to 7;—2. This 
shows that every integrand function 7 of an integral of the first kind is 
expressible as a linear combination of the functions (74-2). It remains 
to be proved that every such linear combination is a multiple of the 
divisor D?/X. 

To prove this it may first be shown that the functions (1, /x’, 
d/x"8), when expressed in terms of the variables x’ and y’, are a basis for 
the divisor Q=1 and the equation (74-1). Equation (74-1) has a basis 
(1, y’, \’) for the divisor Q =1 of the kind described in Theorem 72:2. 
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Since the quotient \/x’ is finite for all values of x’ except possibly 
x’ = it must be expressible in terms of this basis in the form 


(74:3) A/a? = Ry(x’) + Rox’) y’ + Rs(x')N, 


the coefficients k; being polynomials. These coefficients can have no 
power of x’ in common as a factor, since 7; is the smallest integer for 
which \/x’s remains finite at x= ©. Since the traces of X, y’, d’ are all 
zero it follows that ki =0. We may express the value of \ from (72-8) 
in terms of y’ by means of the formula y=y’/x’. By comparing coef- 
ficients of powers of y’ in equation (74:3) we then see, with the help 
of the relation C’ =Cx’7’, that 


kz = x4, Ro = (lat tare = Pa iC". 


where a is a positive integer or zero since k; is a polynomial. The first 
term in the parenthesis has a factor x’ since 72 <r; and y’ is greater than 
the degree y of C and consequently than the degree of / in x=1/2’. 
Furthermore C’ contains no factor x’ by hypothesis. Since ky and &; can 
have no power of «’ as a common factor, the last equation shows that 
a=0. Hence the bases (1, y/x, \/x"s) and (1, y’, X’) are related by the 
equations 


y/arr = yy’, A/xu = Roy’ +2’. 


The former must therefore be a basis for the divisor 0 =1 and the equa- 
tion (74-1), since the latter has this property. 

With this result in mind we can prove that every linear combination 
n(x, ¥) of the functions (74:2), with constant coefficients, is an integrand 
of an integral of the first kind for equation (71-1). Such a function » has 
the form 


(74-4) n = 82(x)Ze + ga(x)Zs 


where g, and g; are of degrees at most r,—2 and 7;—2, respectively. The 
basis complementary to (Hi, Hy, H;) =(1, y/at, \/x"8) is (Zi, Zs, Z?) 
=Z,, Z.x", Z3x"s), according to the first paragraph of Section 73. Hence 
from equation (74-4) the product nx? is expressible in the form 


nx? = G2(x’) Ls + G3(x") fie 


where the coefficients G;=x’'-*g; are also polynomials. Let us set 
X =X X2X,, where Xo and X,, are the divisors of the branch places at 
x=0 and «=, respectively. Equation (74:4) shows that 7 is a multi- 
ple of the divisor 1/X,=1/X X_ for which the functions Z:, Zs, Zs are a 
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basis, according to Theorem 73-1. Similarly the last equation shows that 
nx" is a multiple of the divisor 1/X2X,,. Hence 


Q, = 11/X0X2, Qy2 = In/X2X x, 


where J; and J, are divisors with no negative exponents. But from these 
equations and the equation 0,=WN/D it follows that 


I, = Xol_D?/X,.N? = 1;D?/Xe 


since J, is integral and D is prime to NV. Hence 0, =/;D?/X and 7 is a 
multiple of the divisor D?/X. Thus we see that every linear combination 
(74-4) of the functions (74-2) with constant coefficients is an integrand 
of an integral of the first kind, and the proof of the theorem is complete. 


75. Applications to equations of the third degree in y. The results of 
the preceding sections are useful in the study of special equations of 
the third degree in y, as indicated in the following theorems. 

THEOREM 75-1. At every root x=& of the factor AAs; of the function 
A(1, y, A) = —A1A.?B?A; there is a cycle of two sheets for the equation 
(71-1), and at every root of AB there is a cycle of three sheets. There are no 
other branch places at finite values of x. If the number of cycles with two 
sheets at x= = 1s represented by kz, and the number with three sheets by ks, 
then the genus of the equation (71-1) is given by the formula 


(75-1) 2p = way 4 2ag 26 Os -- ke 4T- 2k3 A, 
where a1, a2, 8, 63 are the degrees of the polynomials A,, Az, B, As, re- 
spectively. 


To prove this we first notice that Theorem 21-4 holds even if there 
are branch places at x = ~ , provided that we replace X by Xi. The proof 
is identical with that given in Section 21. Hence for the basis 1, y, A 
of the divisor 0=1 we have 


A(1, y, 4) = cN(X)). 


The branch places at finite values of « can occur therefore only at the 
roots of the expression A(1, y, \). The statements in the theorem con- 
cerning branch places at finite values of x follow at once since N(X,) 
contains a linear factor « — x, only when there is a cycle with two sheets 
at x=%o, and a factor (x—2 9)? only when there is a cycle with three 
sheets. Thus for every cubic equation of the form (71-1) the cycles at 
finite values of x can be readily determined. 

The character of the places at x= ~ can be found from their expan- 
sions, or by applying the theorem just proved to the equation (74:1). 
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If x’ is a factor in Aj Aj there is a cycle with two sheets at «= %, or if 
x’ is a factor in Aj B’ there is a cycle of three sheets. The genus is deter- 
mined, according to formula (21-8), by the equation 


P= (a1 + ay + 28 + 83 + kp + 2xs)/2 — 344, 


where x, and x; are the powers of «’ in Aj Aj and A/ B’, respectively. 
The only possible pairs of values (kz, x3) are (0, 0), (1, 0), (0, 1) since 
Aj, Ad, B’, Af have no repeated factors and are prime to each other. 

In order to find fp linearly independent integrand functions of in- 
tegrals of the first kind for a numerical case of equation (71-1) we may 
adopt the one of the procedures described in the theorems of the pre- 
ceding sections which seems most convenient for the special case in 
question. A first method is to transform the equation (71-1) into one 
with no branch place at x=, as described in Theorem 73-2. The 
basis Z1, Zo, Zz; of Theorem 73-1 for the divisor Q=1/X will perhaps not 
be normal at x= ©, but it can be transformed into an equivalent nor- 
mal basis by the method used in proving Theorem 21-2. It will not 
cause confusion if we denote this new basis by Zi, Zs, Zs and its column 
orders by 1, 72, 73. Then the functions 


(75-2) PL: Cor & O; pp, = 0, 1s pH 2S — 3) 


are a set of p linearly independent integrands of integrals of the first 
kind, as indicated in the proof of Theorem 21-3 and its corollary. 

A second method of finding a basis normal at «=~ for the divisor 
1/X is to apply successively transformations of the forms (73-5) and 
(73-8) until an equation is reached with a basis 1, y, \ which is normal 
at x=, as indicated in Theorem 73-4. The complementary basis 
Z1, Zo, Zs for the divisor 1/X is then also normal, and the / linearly inde- 
pendent integrands of integrals of the first kind are again the functions 
(75-2). The column order of Z; in this case is zero, so that the only prod- 
ucts occurring among the functions (75-2) are those involving Z. and 
Z3. 

If the equation (71-1) has a branch place at x= it may be that 
the polynomial C’ for equation (74-1) does not contain x’ as a factor, 
and that the smallest integers 72, 7; for which the quotients y/x, \/x" 
are finite at x= satisfy the relation r.<7;. Then Theorem 74-1 is 
applicable, and the functions (74-2) are p linearly independent integrals 
of the first kind. 

To construct an integrand of an elementary integral of the third 
kind with logarithmic singularities at two non-singular places P; = (21, y:) 
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and P; = (x2, y2) we may presuppose that equation (71-1) has no branch 
place at x= and has properties at «= © similar to those of equation 
(73-6) in Theorem 73-2. Let Hi, He, H; be a basis for the divisor Q=1 
normal at «=, constructed in any way. In the proof of Corollary 2 
of Theorem 21-4 it was shown that one of the column orders at x= 0% 
of such a basis is zero, and that the others are negative, so that we may 
represent them by 71=0, —r2, —r3. The function H, is then a constant 
since it has no poles. The complementary basis Z:, Z2, Z; belongs to the 
divisor R=1/X and is normal at «=~ with the column orders 7; =0, 
rz, 3, by Theorems 22-2 and 22-1. An integrand function n(«, y; Pi, Ps) 
of an elementary integral of the third kind with logarithmic singularities 
at P,; and P» is a multiple of the divisor D?/P,P.X. We might construct 
a basis for this divisor by starting from the basis Zi, Ze, Z3 for 1/X and 
applying the method used in proving Theorem 20-2. But when this has 
once been done the result may be attained more directly in the following 
manner. The matrix of conjugates of the functions H; is both a right 
and left reciprocal of the matrix of conjugates of the functions Z; with 
rows and columns interchanged. Consequently the functions 


Hi(x1, yi)Zi(x, y)/(% — x1), 
where the notation of tensor analysis for a sum is used, has a simple 
pole with residue 1 at P;=(a, 41) and is finite at the other two places 
over + =21. It is a multiple of the divisor 1/P1X. Similarly 

Hi(xe, yo)Zi(x, y)/(x — 22) 
is a multiple of 1/P.X, and we can see without difficulty that the dif- 
ference 
Hi(ai, yi)Zi(x, y) Hive, y2)Zi(x, y) 


lees OA 1) ee Seo 


Ria oh! lt, 0: fa, Ps) = 


is a multiple of D?/P,P,X. The function so defined has in fact a zero of 
order two at each place at x=, since the column orders of Z. and Zs; 
at «=~ are both positive, and since at each place over «= ~ the first 
factor in the product 


(GS y1) = Hi(2, Nast y) 


a= 0 p, Aemerta 1)) 


has an expansion beginning with (1/x)? because Hi(«, y) is a constant. 
THEOREM 75-2. For an equation (71-1) with no branch place atx=~, 
as described for equation (73-6) in Theorem 73-2, the function defined 
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by equation (75-3) is an integrand n(x, y; Pi, P2) of an elementary 
integral 1(x, y; P1, P») of the third kind with logarithmic singularities and 
residues +1, —1 at two non-singular places P, and P:. The function 


(75-4) qe, ¥; Pi) = — dy, ¥; Pi, Po) fdxy™ 


is an integrand of an elementary integral ¢,(x, y; P1) of the second kind 
with no singularity except a pole at P;. The expansion of §, at P, has the 
form 


Ce, y; Py = wolf (e% = 41)" + oe + aie — x1) +e? - 


The last part of the theorem concerning elementary integrals of the 
second kind can be readily proved by differentiating the expansion of 
n(x, ¥; Pi, Po) or r(x, y; Pi, Po) with respect to x. 

It should be noted in concluding this section that the methods de- 
scribed in Sections 71-75 are rational in character. The common factors 
d(x) of the coefficients fo and f;, and the squared factor in d(x), can be 
found by the greatest common divisor process. The squared factor is the 
greatest common divisor of d(x) and its derivative. A similar remark 
applies to the squared factor C in the factor A, of the discriminant, in 
the equation following (72-4). 


76. Equations of the fourth degree in x and y. An irreducible equa- 
tion of the fourth degree in x and y may be reduced to one of the third 
degree or less in y by a simple transformation. Let the equation be 
written in the form 


x, y) = (as V)o Sp eat Se ae v)4 = 0, 


where the parenthesis (7, y); is homogeneous and of degree k in the 
variables « and y, and let a, b, c, d be constants such that (0, d),=0, 
ad — bc #0. Then the transformation 


(76:1) x = at + bn, y = c& + dn 


takes the equation f(x, y) =0 into an equation of the fourth degree in & 
and », but of the third degree at most in 7. This is evident when we 
substitute the values (76-1) in f(*, y) and set €=0. If the resulting 
equation in £ and 7 is of the first degree in 7 it defines a unicursal curve 
of genus p=0. If it is of the second degree in 7 it may be reduced to an 
elliptic or hyperelliptic curve by the method used in proving Theorems 
50-2 and 50-3. If it is of the third degree in 7 the methods of Sections 
71-5 are applicable. Thus every curve of the fourth degree in x and y 
can be discussed by methods described in the preceding sections. 
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A simple geometrical argument also shows that every irreducible 
algebraic curve of the fourth degree in « and y can be transformed bilin- 
early into one of the fourth degree in £ and 7 but of the third degree only 
in n, and with the coefficient of 73 a constant different from zero. For 
if we take the lines 


i ayx+ biy +c; = 0 G= ihe M. 3) 


as indicated in Figure 76-1, the transformation €=),/l3, 7=l2/ls will 
take the curve f(x, y) =0 into a curve 


o(f, n) = (& mo +t --- + (En) 


which has two intersections with the line at infinity at the intersection of 
the line at infinity with the é-axis. This means that in the polynomial 


l 


/s 


Fic. 76:1 


(£, n), the terms in 74 and 7’ are missing. Furthermore in the polynomial 
(0, n) the term of the third degree is present, since the line §=0 has 
three finite intersections with the curve. 


77. Examples. The theory developed in the preceding sections is 
illustrated by the example 


(77-1) y3 — 3xy + x8(9x — 11) = 0 


which was discussed by Baur [19, p. 57]. For this equation we readily 
calculate, from the formulas in Section 72, 
fo = — 3x, fz = x®(9x — 11), 
A, = 4%, A, = 1, B= 1, ho = — 3, hy = 8490 11), 
Ne (9x 11)" Se ole 1 )2Sta ot - -- ), 
Cee el = bist bt > 
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The squared factor C in A, is found by finding the common factor of A» 
and dA,/dx. According to Theorem 72-2, a basis for the divisor Q = 1 is 


(7722) -Wy= 1, H: = ¥, Hi=N = (— 22 ayer v/a 1), 
and by formula (72-9) the square of the determinant of the basis is 
AG. y; d) a A,A,? B’A3 a x (812° + Ce We 


Applying Theorem 75-1 we see that the algebraic function defined by 
equation (77-1) has a cycle of two sheets at the origin x =0, and a cycle 
of two sheets at each of the nine roots of the polynomial As. 

By substituting x=1/x’, y=y’/x’? in equation (77-1) we find the 
equation 


G1 123) y’® — 3a'>y’ + x29 — 11x’) = 0 
analogous to (74-1). For this equation 
At 1). sAs = 1, 8B = 400 he Se eS 
Ad = 27[(9 — 11x’)? — 4x11], C=2' — 1. 
The square of the determinant of the basis (1, y’, \’) is 
A(1, y’, M) = — 2!2Aq! 


so that equation (77-3) has a cycle of three sheets at x’=0, and the 
equation (77-1) a similar cycle at x= 2%. The constants kz, x; have the 
values 0, 1, and from formula (75-1) the genus of the equation (77-1) 
is p=4. 

The conclusions of Theorem 74:1 are applicable to this example, 
since C’ has no factor x’ and since the values of the integers 7s, 73 for 
the functions y, \ are both 3, as we shall now see. The value of 72 is the 
exponent of x’ in the transformation y=y’/x’s giving equation (77-3). 
To find the value of 7; we may apply the Newton polygon method to 
equation (77-3) at the point (x’, y’) =(0, 0) and so secure the expansion 
for y’, and the corresponding branch 


(77-4) Cora ae » = age. =<) (w? = — 1) 
for y at x= 0. When substituted in the expression for \ from (77-2) we 


see that \ has a pole of order —8 at x=, and hence that 7;=3. By 
Theorem 73-1 the basis complementary to 1, y, \ is 


Zi= 1/3, Ze = (y+ %)/3(y?— x), Zs = x(x — 1)/3(y? — 2). 
Hence by Theorem 74-1 the functions 
Ze, xZo, Z3, XZ 
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are four linearly independent integrand functions for integrals of the 
first kind. 
The integrand function defined by equation (75-3) has the form 


x — xX, x — X 


UF fom eo ocd \ et 
Waa 
et ee ey 6 Uy iN eee 


1 M1 ho \a(x — 1) 
Hes 

SA ee a eee ye yl ea 
for the equation (77-1), where 41, ye, Ai, Az are the values of y and A 
belonging to the places P, and P:. The argument of the last section 
shows that this function is a multiple of the divisor 1/P:P.X, and has 
simple poles with residues +1, —1 at the places P; and P», but it does 
not assure us that (x, y; Pi, Pe) is an integrand of an elementary in- 
tegral of the third kind because the curve (77-1) has a branch place at 
x= x. We may easily see, however, that the product ndx/d¢ is finite 
at «=x, and hence that 7 is an integrand function as desired. For from 
the expansions (77 -4) it follows readily that y has a zero of order 6, and 
dx/dt a pole of order —4, atx=m. 

From the formula (75-4) the integrand functions of elementary 

integrals of the second kind could be calculated without difficulty if 
needed. 


EXAMPLES FOR THE METHOD OF BAUR 


1. Discuss the example of the text above by first transforming so 
that there is no branch place atx= ~~. 

2. y+e%y+x2=0 [19, p. 56] 

3. Discuss the last example by first transforming so that there is no 
branch place at x=. 

4. Apply the methods of Baur to examples 6-8, 11-15 of Section 68. 
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5e26 

Regular arc, 2; on a Riemann surface, 80 

Residues, 7, 12, 44; theorems concerning, 8, 
11, 14, 45; of a function on a Riemann sur- 
face, 81 

Resultant of two polynomials, 18 

Riemann, iii, iv, 67, 75 

Riemann-Roch Theorem, 67ff 

Riemann surface T, 75ff; construction of T, 
T’, and T’’, 75, 92, 96; places on, 77; for 
an irreducible algebraic equation, 78; 
genus of, 88, 147; examples, 186ff 

Roch, iv, 67 


Severi, ili 

Simart, 155 

Singularities: reduction of, 155ff; see also Re- 
duction of singularities 

Singular points, 9, 11; for an algebraic func- 
tion, 25; of special types, 40 

Singular places: of an algebraic function, 34; 
of functions on a Riemann surface, 80; of 
Abelian integrals, 94 

Special places and rational functions, 71, 73; 
special divisor, 71 

Surface: connected or simply connected, 82; 
connectivity, 87 


Trace of a rational function, 44 

Transformations: projective, 144ff; see also 
Birational transformations, Cremona trans- 
formations 


Unicursal curves, 139ff 


Weber, iii, iv 
Weierstrass, iii, 176-7 
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